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ABSTRACT 
As a consequence of the industry's motivation to aciiieve improved 
efficiency and eniianced performance, engineering components are required 
to operate in environments, winicfi are becoming increasingly severe. Critical 
industrial components are, tlierefore, being degraded more aggressively due 
to surface/environment interactions such as simple oxidation, oxidation and 
sulfidation, oxidation and sulfidation with hot corrosion, erosion corrosion 
etc. The use of inorganic protective coatings' on high temperature 
components to combat above mentioned degradation process is now well 
established. Amongst the various types of inorganic coatings, aluminum 
based coatings find wide applications in high temperature technologies such 
as marine aircraft gas turbines, fuel corrosion and generation systems, 
aerospace hard wares, chemical process and power plants etc. These 
coatings increase service life of the components, but fail to perform 
satisfactorily under aggressive environments. Recently, some advanced 
coatings like modified aluminide coatings i.e., aluminide coatings modified 
by noble metals, such as Pt, Pd or Cr, reactive elements such as Y, Ce or Hf or 
by rare-earth elements have been reported. Rare-earth addition, as it is well 
known improves the protective properties of the coatings. The improved 
high temperature oxidation and hot corrosion resistance of some rare-earth 
oxides modified aluminide coating on super alloys have recently been 
reported. However, the role of rare-earth oxides addition on the hot 
corrosion behaviour of aluminide coatings on mild steel is perhaps yet to be 
systematically studied. The problem is promising not only on academic point 
of view but also due to versatile technological applications. 
The interaction of metallic materials with ionic salts or electrolytic 
deposits has been the subject of study for at least three decades. During this 
interaction, an accelerated attack called hot corrosion plays an important 
role. In a hot corrosion attack, the electrolytic deposit (ash or ionic) and 
protective oxide scale on the metal interact and undergo a fluxing reaction 
resulting in accelerated oxidation rates. Hot corrosion attack is quite familiar 
in power generating units using low grade fossil fue!, fuel conversion or 
combustion units, fuel cell and incinerators etc. Amongst the salt inducing 
hot corrosion attack, Na^ SO^  or less commonly NaCI are the salt, which are 
most frequently involved in such attacks. Many references are available 
dealing with the phenomenology of Na^ SO^  or NaCI induced hot corrosion 
attack, but our knowledge regarding the actual chemical reactions taking 
place between molten salts and the scales on the alloy consisting of slow 
growing oxides of Crp^/Mp^ or the oxides of the common, .alloying 
additions, which are usually present in the outer oxide layer, is rather limited. 
Information regarding the reaction between the pertinent oxide and the 
ionic salts and proper identification of reaction products should be useful in 
understanding the occurrence and importance of fluxing reactions, and thus 
in the interpretation of hot corrosion mechanism and in the development of 
new protective materials. The dissolution behaviour of metal oxide is 
important in explaining the electrochemical mechanism of hot corrosion in 
which soluble metal species are involved. Following sections describe a brief 
summery of the work contained in different chapters of the thesis entitled, 
"High Temperature studies on some inorganic coatings and related reactions 
involving metal oxides and ionic salts". 
Chapter 1 
General Introduction -1 covers a literature survey on high temperature 
coatings and some aspects of oxidation behaviour of iron and iron-base 
alloys. The performance of aluminide and modified alumlnlde coatings has 
been discussed in detail. Many new and latest techniques of coating 
preparation are also discussed. 
General Introduction - II presents a literature survey on hot corrosion 
of metals and alloys. Special emphasis has been laid to the work, which has 
direct or Indirect bearing on the studies described in this thesis. 
Except for some early pioneering papers, the thesis includes literature 
survey from the selected research papers, reports, reviews and conference 
proceedings. It is possible that some results of important and remarkable 
studies might have left unquoted quite inadvertently yet there was 
absolutely no intention to undermine those works. 
Chapter 2 
The work presented in this chapter describes the results of an 
investigation carried out to study the oxidation behaviour of aluminide and 
CeOj and LaPj modified aluminide coatings on mild steel in the temperature 
range of 700-900°C. The coatings on mild steel have been prepared by pack 
cementation process. The influence of CeO^  and LaPj additions on the 
oxidation rates of aluminide coatings has been investigated. He performance 
of coatings has also been studied by measuring oxidation kinetics, 
metallography, SEM and XRD analysis. 
The kinetics of the oxidation proceeds by a diffusion controlled 
mechanism as revealed by the parabolic nature of weight gain vs time plots. 
The oxidation resistance coated mild steel is discussed on the basis of a 
decrease in oxidation rates as well as adherence of oxide scales. The 
oxidation rates of mild steel and aluminide coatings are lowered down 
markedly in presence of CeO^  and LaPj in the temperature range of 700-
900°C. The oxide scales are formed by outward diffusion of iron ions. This 
results in the formation of voids at the scale/alloy interface and adherence of 
scale is degraded. The presence of CeO^  and LaPj in the coatings suppresses 
the voids formation at the scale alloy interface and thus improves the 
adherence of oxide scales. The presence of rare-earth oxides in the coatings 
also results in significant reduction in weight gains by promoting the 
formation of a continuous layer of A\p^, which blocks the outward diffusion 
of iron ions to the outer scale. 
The oxidation rates are significantly affected by the morphology of the 
oxides scales. In case where the structure of oxide scales is not seriously 
disrupted due to decarburization, the oxidations rates are significantly 
reduced. 
Chapter 3 
The work presented in this chapter describes the results of an 
investigation carried out to study the Na^SO -^induced hot corrosion 
behaviour of aluminide and CeO^  and lap^ modified aluminide coatings on 
mild steel in the temperature range of 700-900°C The study involves reaction 
kinetics, influence of the salt, methodology, SEM and XRD analysis of 
corroded and uncorroded alloys. 
An analysis of the results from oxidation/hot corrosion curves 
indicates that pure aluminide coatings show better corrosion resistance than 
mild steel at 700°C. At 800 and 900°C, aluminide coatings show higher weight 
gains. It could be attributed to the fluxing of protective aluminia and 
increased formation of sulfide at the inner region of scale. The addition of 
CeOj and lap^ in the aluminide coatings has significantly improved its hot 
corrosion performance. This is presumably due to the presence of CeO^  and 
LaPj in the grain boundaries of A\p^ and boundaries between A\p^ and 
FeAl spinel which effectively prohibit fast diffusion of oxidants (sulfur and 
oxygen) and aluminum along grain boundaries. Consequently, it may induce 
slow diffusion through matrix, preventing internal sulfidation and ixidation 
and thus increasing hot corrosion resistance subsequently. 
The results from metallographic and SEM studies indicate that at 
700°C, the scales are relatively thin and adhered to the coatings. There is very 
limited attack on the grain boundaries. At and above 800°C, besides thicker 
oxide scale formation, the grain boundaries are also affected by Na^ SO^  
attack. The scales are detached from the substrate due to evolution of 
CO/COj (g) which exert stress on the already fragile scale. As a result of 
dismemberment of scales, fresh alloy is exposed to the oxidants and alloy 
oxidizes at a faster rate. 
Chapter 4 
The work presented in this chapter contains the results of the studies 
concerning with reaction of metal oxides such as NiO, Cr^ Oj, fep^ and AI^ Oj 
with Na^ SO^  in flowing SO^  (g) at a temperature of 1100 and 1200K. The 
oxides chosen for the studies are the initial scaling products during the 
oxidation of industrial alloys and are invariably involved in hot corrosion 
reactions in presence of molten salt. The themogavimetric studies for each 
metal oxide-Na^SO^ system were carried out measuring weight change as a 
function of time and mole fraction of Na,SO, in the reaction mixture. The 
2 4 
presence of different constituents in the reaction products were identified by 
X-ray diffraction analysis and the morphologies of the reaction products 
were characterized using metallography and scanning electron microscopy 
(SEM). The formation of the products was also investigated by 
thermodynamic computation of free energies of the reactions and the study 
of relevant thermodynamic phase stability diagrams. The conductivity, pH 
metric and solubility measurements were carried out to characterize the 
soluble species in the reaction products. 
The reaction of metal oxides with Na^ SO^ at high temperatures results 
in weight gains or weight losses. The total weight change at steady state was 
measured which is indicated by a constant weight with increasing exposure 
time. 
Considering the reaction kinetics, there is a weight loss in a very initial 
stages of reaction for all the metal oxide-Na^SO^ systems (region I of the 
kinetic curves) followed invariably by weight gain. The initial weight loss for 
all the systems is due to the thermal decomposition of Na^ SO^ to Nap and 
subsequent expulsion of SO^  / SOjlg). 
Na^SO, (s) t ; Nap(s) + SO,(g) +1/2 0,(s) 
Na,SO,(s) t ;Nap(s) + S03(g) 
The weight gain after initial weight loss in the kinetic curves for all the 
system (region II of the kinetic curves) is due to the formation of sodium 
metal oxide (Nap.MO) and metal sulfide and/or metal sulfate. The Nap 
formed may dissolve metal oxide to form sodium metal oxide and sulfur 
oxide gases may react with metal oxide to form metal sulfide and/or metal 
sulfate. This is represented by the following general reactions: 
Nap + MO ^ 
MO + SO3 -> 
MO + 4S0, -> 
Nap.MO 
MSO3 
MS + 3S0 
The evidence for the formation of above reaction products is inferred 
from the following results: (i) identification of solid reaction products by XRD, 
(ii) standard free energy calculations favourable for most of the proposed 
reactions, and (iii) weight gain after initial weigiit loss in the kinetics curves 
for all the metal oxide-NajSO^ systems. In some systems there is a sudden 
interruption in weight gain curves and a decrease in weight gain is observed 
till net weight change is weight loss (region III of the kinetic curves). The 
vaporization of some reaction products and release of SO/SOjCg) seemed to 
be the prime cause of the decrease in weight gain values in the kinetic 
curves. 
Considering the weight change as a function of mole fraction of 
Na^ SO^  in the reaction mixture, two types of behaviour are noted. In the first 
type, there is an increase in weight gain (or decrease in weight loss) values 
with increasing amount of Na^ SO^ . This is followed by a decrease in weight 
gain (or increase in weight loss) values with increase in the concentration of 
Na^ SO^ . This behaviour is exhibited by a majority of the systems and includes 
CrPj- Na^ SO,, Fep3-NajS0^ and AiPj-Na^SO,. An increase in the weight gain 
values with increasing Na^ SO^  concentration is because of the formation of 
Nap.MO and binding of sulfur in the form of metal sulfide and/or metal 
sulfate. A decrease in the weight gain values with increasing Na^ SO^  
concentration is because of the release of S0/S03(g), precipitation of metal 
oxide from Na^CMO and volatility of some reaction products. 
In case of NiO-Na^ SO^ system, there is a decrease in weight gain values 
with increasing Na^ SO^  concentration till a maximum is noticed, this is 
followed by an increase in weight gain values with increasing Na^ SO^  
concentration. A decrease in weight gain values with increasing Na^ SO, 
concentration is due to the evaporation of sulfur oxides gasses which 
overweighs the formation of metal sulfide and/or sulfate. When 
concentration of Na^ SO, increases above 0.5 or 0.6 mole fraction, formation of 
metal sulfide and/or metal sulfate takes place, which is responsible for 
weight gain. 
The optical metallographic and SEM studies show the presence of 
multiphase structure in the reaction products. Each phase represents a 
constituent usually identified by XRD and is predicted by the proposed 
reactions. In general, an oxide phase or Na^ SO^ appears as whitish grey, 
sulfide or sulfate as dark grey and Nap.MO as light grey. 
The XRD analysis identifies most of the constituents of the reaction 
products as envisaged from the above proposed reactions. 
From the solubility data there is ample evidence of the presence of 
water soluble metal containing species in the reaction products, which may 
be in the form of MO "^, MO^^ ' or MSO .^ Equimolar mixtures of metal oxides and 
Na^SO.at 1200K show largest solubility incase of NiO and lowest in case of 
Op^; AljOj and fep^ occupying middle position. 
From the pH studies, an acidic aqueous solution of the metal oxide-
Na^ SO^ reaction indicates the presence of metal ions as acid salts. The 
conductivity measurements of metal oxides-Na^SO^ reaction products at 
varying concentration of Na^ SO^ show the presence of breaks in conductance 
curves indicating the formation of soluble complex species at certain mole 
fractions of Na.SOJn the reaction mixture. 
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Chapter 5 
The work presented in this chapter deals with the reaction of metal 
oxides with NaCI in flowing O^ig) at 1100 and 1200K. The oxides chosen for 
the studies are NiO, fWp^, Op^ and Fe^Oj. 
The reaction of metal oxides and NaCI at high temperature results 
invariably in weight losses for all the MO-NaCl systems under study. The 
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weight loss incurred by MO-NaCI systems is mainly due to tlie evaporation of 
NaCl. Tlie other processes which account for weight losses are evaporation of 
volatile metal chlorides formed during the reaction and release of Cl^  during 
the reaction of NaCI with oxygen. The magnitude of the weight loss depends 
upon the several factors, namely, the reaction temperature, nature of the 
oxide, thermodynamic feasibility of the reactions and kinetic of the reactions. 
The different reaction occurring during the reaction of metal oxide with 
NaCI are represented as follows: 
i. In presence of oxygen, NaCI thermally decomposes to Na^ O and 
subsequently releases chlorine gas. 
2NaCI +1/2 0, t; Na.O + Cl^  
ii. The metal oxide reacts with Na^ O to form Nap.MO 
Na,0 + MO -> Na,O.MO 
iii 
Nap + Fep3 -> 2NaFeO, 
The chlorine gas reacts with metal oxide to form metal chlorides 
MO +1/2 CI3 -^ MCI + V2 Oj 
Fep3 + 2CI, -> 2FeCI, + 3/20, 
Fep3 + 3CI, -^ 2FeCl3 + 3/20, 
The formation of various species during the reaction is accounted by 
the following experimental evidences: 
(i) identification of solid reaction products by XRD, (ii) optical and 
scanning photomicrographs of the reaction products showing phase 
structure typical of oxide/chloride/mixed oxide system, (iii) standard free 
energy calculations of the proposed reactions and (iv) pH studies. 
The solubility data provide ample evidence of the presence of water 
soluble metal containing species in the reaction products which are in the 
form of metal chlorides and/or mixed oxide Nap.MO. The solubility 
behaviour of metal oxides in molten NaCI is generalized as follows: 
(i) An increase in the solubility (continued fluxing) with increasing NaCI 
concentration and include: CrPj-NaCI (1100 and 1200K) and FePj-
NaCI(1100andl200K). 
(ii) A maximum in the solubility curve at 0.5 mole fraction of NaCI and 
include AiPj-NaCI (1100 and 1200K); this may be attributed to the 
precipitation of oxide on enhancing the amount of NaCI above 0.5 
mole fraction. 
A minimum in the solubility curve and include NiO-NaCI (1100 and 
1200K), maximum oxide solubility is noticed at lower concentration of 
NaCI. 
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statement of the work presented in 
the thesis 
The work presented in the thesis deals with the studies on some 
inorganic coatings and related reactions involving metal oxides and ionic 
salts. The reactions were carried out in the temperature range of 973-1200 K 
where hot corrosion reactions usually show optimization. The break up of the 
work contained in various chapters is as follows: 
Chapter 1 
General Introduction-I 
It covers a literature survey on high temperature coatings. The choice 
and requirement of the coatings and their role and advantages in protecting 
many critical components operating at high temperature are discussed. The 
high temperature coatings are divided into three main categories namely, 
conventional coatings, modified coatings and advanced coatings. The 
conventional coatings such as aluminide and modified aluminide coatings 
have been discussed in detail. Many new and latest techniques of coating 
preparation are also discussed, which not only improve coating characteristics 
but also improve their efficiency. The chapter also covers some aspects of the 
oxidation of iron and iron base alloys. Except for some early pioneering 
papers, the thesis includes literature survey from the selected research 
papers, reviews and reports published on high temperature coatings during 
the last three decades. 
General Introduction-II 
It is devoted to chemistry and phenomenology of hot corrosion of 
metal and alloys. The mechanism of hot corrosion is discussed in detail. 
Emphasis has been given to quantitative treatment of oxide solubilities in 
ionic salts, phase equilibria and condensation criteria. References from 
research papers, reports, review and conference proceedings are cited. 
Special emphasis has been laid to the work which has direct or indirect 
bearing on the studies described in this thesis. It is possible that some results 
of important or remarkable studies might have left unquoted quite 
inadvertently yet there was absolutely no intention to undermine those 
works. 
Chapter 2 
This chapter deals with the high temperature oxidation behaviour of 
aluminide and Ce02 and La203 containing aluminide coatings on mild steel. 
Aluminide and rare-earth oxide containing aluminide coatings on mild steel 
have been prepared by pack cementation process. The oxidation behaviour of 
coatings have been studied at 700,800 and 900°C. The influence of Ce02 and 
LazOs additions on the oxidation rates of aluminide coating on mild steel has 
also been investigated. The performance of coatings have also been studied 
by measuring oxidation kinetics, metallography, SEM and X-ray diffraction 
analysis. 
Chapter 3 
This chapter describes the hot corrosion behaviour of uncoated mild 
steel, aluminide and rare-earth oxide modified aluminide coatings on mild 
steel in presence of a thin film of Na2S04 (1.5 to 5 mg/cm^) in the 
temperature range of 700-900°C. The aluminide and rare-earth oxide 
containing aluminide coatings on mild steel have been prepared by pack 
cementation process. The study involves measurements of weight gain vs 
time and weight gain vs amount of Na2S04 deposited measurements. The 
performance of coatings have been studied by measuring oxidation kinetics, 
metallography, SEM and XRD analysis of corroded and uncorroded alloys. 
Chapter 4 
The work presented in this chapter contains the results of the studies 
concerning with reaction of metal oxides such as NiO, CrzOs, FezOs and AI2O3 
with Na2S04 in flowing SO2 (g) at 1100 and 1200K. The oxides chosen for the 
studies are initial scaling products during the oxidation of industrial alloys and 
are invariably involved in hot corrosion reactions in the presence of a molten 
salt. The thermogravimetric studies for each system were carried out as a 
function of Na2S04 in the mixture. The different constituents in the reaction 
products were identified by XRD analysis and morphologies of the reaction 
products were discussed on the basis of optical metallography and SEM 
studies. The pH and conductivity of the aqueous solutions of reaction product 
are measured and attempt are made to functionalize these parameters with 
Na2S04 concentration in the mixture. Quantitative estimation of soluble metal 
has also been carried out with the help of atomic absorption 
in 
spectrophotometer. The formation of products was also investigated by 
thermodynamic computation of free energies of the reactions and the study 
of relevant phase stability diagrams. 
Chapter 5 
The work presented in this chapter deals with the reaction of metal 
oxides with NaCI in flowing chlorine gas at temperature (1100 and 1200 K) 
relevant to hot corrosion attack. The constituents present in the reaction 
products are Identified by XRD and the nature of chemical reaction between 
metal oxide and NaCI is investigated on the basis of reaction kinetics and 
morphology of the reaction products. The concentration of soluble metal and 
pH determination of the aqueous solution of the reaction product have also 
been carried out. 
Chapter 6 
This chapter contains the conclusions drawn from the different studies 
described in chapter 2 to 5. The future plan of work which is likely to be 
carried out is also given. 
IV 
Chapter 1 
General Int roduct ion- I 
High Temperature Coatings 
1.1.1 Introduction 
Protective coatings liave become the most Important component of 
material performance. The coatings are required not only at high temperature 
but they are also required at ambient temperatures, either to protect from 
aggressive environment or sometimes for aesthetic reasons. The main aim of 
protective coatings is to act as a physical barrier between the environment 
and the material, which is reactive to the environment if left as such. The 
main criteria for selecting the materials for high temperature application are: 
0) high strength, (ii) good creep resistance, (iii) good fatigue and impact 
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resistance and microstructural stability and (Iv) good oxidation and corrosion 
resistance. It is often not possible to achieve all these properties, simply by 
proper alloy designing. For many high temperature applications, both high 
temperature strength and strong oxidation and corrosion resistance are main 
requirements. However, in designing of an alloy, if strength is taken care, it is 
at the cost of corrosion resistance and if corrosion resistance is improved, the 
strength of the alloy is affected. For example, in case of super alloys, higher 
chromium content is preferred for increased corrosion resistance, but this 
affects the mechanical properties considerably. However, if aluminium 
content is increased at the expense of chromium to increase the strength, the 
corrosion resistance decreases considerably. Thus, if the alloy is designed for 
better strength it is possible to improve the corrosion resistance by applying 
external coatings. From metallurgical point of view the main objective behind 
coating development has been to achieve a combination of properties not 
conceivable by the metal or alloy acting alone. 
1.1.2 Choice and requirements of the coatings 
It is necessary to consider following points before a coating is selected 
for a particular system: (i) function of the component on which coating is 
being applied, (ii) life of the component, (iii) how much extension, the 
coating will provide to the component, (iv) interference of coating with other 
properties of components such as toughness or fatigue strength, (v) whether 
the coating will be easily repaired, (vi) whether the coating will be applied to 
the finished product or needed before fabrication, (vii) cost benefit vs choice 
of a better alloy, and (viii) the type of degradation the coating is expected to 
undergo. The requirement of the coating may vary according to the nature of 
the component and the system. However, there can be few general 
requirements. These requirements are as follows: 
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(i) The coating should have high degree of oxidation / corrosion 
resistance depending upon the temperature and the environment; 
(ii) The coating should remain intact and crack free during the designed 
life; 
(lii) During exposure to high temperature environment, it should form a 
very siow growing oxide to protect it from any further attack; 
(iv) In case the oxide scale cracks, the coating must be able to re-form the 
protective oxide at the earliest; 
(v) The coating should be easily repairable, if possible, without removal 
from its place; 
(vi) The coating process should be easy, cost effective and can be used for 
in-accessible components also. 
The protective properties of coatings are dependent on two extremely 
important factors, namely, the mechanical and chemical properties of the film 
itself and the adhesion; the bond between the film and the surface it covers 
[1]. The first factor is independent of the surface to be covered and is 
entirely dependent on the properties of the film and other constituents of the 
film. The second factor plays an important role in coating technology. It is 
determined by the physical and chemical properties of the surface of the 
coating and the substrate, and by the forces acting between the surfaces. 
1.1.3 Classification of coatings 
There are a number of ways to classify coatings. One way to classify 
them is according to the properties of the coatings and the nature of the 
metals and alloys on which the coatings are applied, for example, metallic 
and non-metallic coatings. The metallic coatings are comprised of films of 
General Introduction - I 
metals or alloys deposited on the substrate by the process of spraying, 
diffusion or electrolysis. The non-metallic coatings consist of layers of non-
metallic substances on the substrate and are further classified into organic 
and inorganic coatings. Organic coating contains an organic compound of 
high molecular weight such as dye, rubber, plastic or a combination of the 
two or more such materials and a carrier which is usually a mineral oil. 
Inorganic coatings include phosphate, oxide, silicate, chromate, and borate 
coatings which are used for less severe corrosive environments and at 
moderate temperatures and aluminide, boride, silicide, carbide and nitride 
coatings which are suitable for more severe corrosive environments and at 
elevated temperatures. There are several other ways to classify high 
temperature coatings, for example, in terms of their mechanism (overlay or 
diffusion) or the techniques used (CVD, PVD, spray coatings, plasma or laser 
etc.) but the more appropriate way is perhaps to group the various coatings 
in terms of their performance. In terms of their performance, various coatings 
can be categorized into three groups [2]. 
(i) Classical coatings : include mainly diffusion coatings such as 
aluminides, silicides or chromium coatings, deposited by pack 
cementation, slurry or hot dipping. 
(li) Modem coatings : include overlay coatings as thermal barrier 
coatings, deposited by PVD, electron beam - PVD or plasma spraying. 
(iii) Advanced coatings: these include (a) alumlliized coatings deposited 
by CVD, (b) aluminide coatings modified by noble metals such as 
platinum or palladium, chromium or by reactive elements, yttrium, 
hafnium or other rare-earth elements, (c) complex overlay coatings, 
deposited by duplex, or triple deposition process with usually a first 
MCrAlX coating followed by consolidation process, (d) laser deposited 
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coatings and laser remelted overlay coatings, (e) intermetallic 
coatings, aluminide coatings on titanium, titanium aluminides or 
disilicide coatings on niobium or niobium based alloys and (f) 
composite aluminide coatings such as nitride-, boron-, or carbide 
aluminide coatings for titanium. 
1.1.3.a Aluminide coatings 
The aluminide coatings which were introduced in late 1950's are based 
on aluminide compounds. These are the most widely used and best 
established high temperature oxidation and corrosion resistant coatings. The 
coating can be formed by a number of techniques such as hot dipping, flame 
spraying, slurry or pack-cementation. Among these techniques, pack-
cementation is the ideally suited in which the coating elements enter the alloy 
by diffusion. In recent years electron beam physical vapour deposition and 
plasma spraying have also been used for producing these coatings. The alloys 
for which the processes are suitable are mild steel, stainless steel and 
nimonic alloy. 
The aluminide coatings have been used on Ni-or Co-based super alloys 
where Ni- and Co- aluminides are formed, respectively. These coatings are 
utilized by gas turbine and aircraft manufacturers to increase the operating 
temperature and period of engine overhauls [3]. In case of Ni- or Co- base 
super alloys, it has been shown that the morphology and composition of 
aluminide coatings and the corrosion behaviour depends upon the condition 
whether the Ni- or Co- diffuses outwards to react with Al or vice-versa [4]. 
The protection afforded by these coatings is based on their ability to form 
and replenish protective scale of alumina. Aluminide coatings are known to 
protect steels from oxidation and corrosion in hydrocarbon and sulfur bearing 
atmospheres e.g. refinery processing. Aluminide coated steel tubes are 
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finding increasing use as reactor internals and heat exchangers etc. [5]. 
These coatings also find use in coal gasification and liquification technologies. 
The aluminized steel performs better than stainless steel. 
An umpteen number of references are available on the high 
temperature oxidation and hot corrosion behaviour of aluminide coatings [6]. 
Lavendel and Henry [7] have prepared corrosion resistant aluminide coatings 
on Fe- and Ni- base alloys. The fused slurry of Nickel-containing coatings 
having 55-85% Al and 5-10% Si was deposited on mild steel and inconel-600 
substrates. Phase composition and distribution in the coatings were controlled 
by adjustment of reciprocal activities of Al and Ni in the reactive liquid 
generated during fusion. Slurries with balanced Al-Ni concentration produce 
single phase coatings. The coating forms a thin adherent protective scale on 
inconel-600 within the first 125 h of cyclic air exposure at 1100°C. The 
coating is degraded either by the loss of Al or enrichment in Ni or Fe by 
interdiffusion with the substrate. The T-NiAl, a transformation product of p-
NiAl retains enough Si in solution to maintain unchanged oxidation kinetics. 
The coating is better than the common aluminide coating and is good for use 
in gas turbines. 
The influence of chromo-aluminide coatings on the creep and stress 
rupture properties of a wrought Udimet-520 nickel base super alloy, used in 
gas turbine blade applications, has been reported [8]. Creep and stress 
rupture tests were conducted at 802°C on coated and uncoated wrought bars 
in the fully heat treated conditions. The test showed that the application of 
the chromo-aluminide coatings caused a marked deterioration in rupture 
strength and ductility. The mechanical behaviour in the coated creep resistant 
alloy was correlated with the microstructures. The formation of nickel 
aluminides by the thermal explosion mode of gasless combustion synthesis 
was investigated for Ni-AI powders ranging in composition from 5 to 30% of 
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Al [9]. Compound formation was found to take place sequentially starting 
with the most aluminium-rich and ending with AINIB as the predominant 
compound in the product. Compound formed through both solid and liquid 
state reactions, with the relative contribution of each depending on the rate 
of heating of the powders to the reaction temperature. Aluminium nitride 
(Al-N) thin films have been used as protective overcoats for terbium-iron 
magneto-optical media [10]. Protective performance of the aluminium nitride 
overcoats was evaluated by electrochemical polarization, immersion tests and 
environmental exposure studies. The corrosion currents for Al-N coated Tb-Fe 
films are significantly lower than those of unprotected Tb-Fe films indicating 
that Al-N protected films have lower corrosion rates. Further, Al-N coatings 
were found to exhibit better corrosion resistance than silicon dioxide (SiOa) 
over coated Tb-Fe films. 
There have been a few investigations on the structure and phase 
composition of aluminide diffusion layers on both plain carbon and stainless 
steels [11,12]. The nature and growth kinetics of the coatings are influenced 
by temperature, time and type of activator (halide salt). Pack aluminizing of 
steel in unalloyed Al pack yields non-uniform, brittle FeAb and FezAls 
coatings. Smooth, adherent and uniform FeAl could be obtained using a 
ferro-aluminium pack with NH4F.HF activator. The coating layer grows 
parabolically with time. 
It is a common practice in gas turbine industry to coat hot components 
with materials which are resistant to hot corrosion. The formation of cracks 
on the coating surface could proceed inward into the parent material and 
shorten the life of the component. The importance of the effect of the 
coatings and post-coating treatment on the mechanical properties of Ni-base 
superalloy has been studied [13,14]. It has been investigated that the 
application of an aluminide or chromo-aluminide hot corrosion resistant 
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coating on Udimet-520 degraded the creep rupture properties of the base 
material. The Udimet-520 nickel base super alloy strengthened by 
T-precipitation and grain boundary carbide is prone to carbide cavitation 
damage introduced during the chromo-aluminide coating process. 
1.1. 3.b The modified aluminide coatings 
1.1.3.b.l Chromium modified aluminide coatings 
The pure aluminide coatings have poor resistance to hot corrosion. 
This however, can be improved if some chromium is incorporated in the 
coating. This can be done, either by adding additional chromium to the 
substrate by the formation of a-Cr layer [15] or with a graded Cr ennched 
Y-phase layer without a-Cr [16]. This is followed by aluminizing with pack 
cementation or other techniques. 
Second method is the co-deposition of aluminium and chromium. This 
can be done by a single step pack-cementation process. It has generally been 
reported [17] that simultaneous deposition of Cr and Al on a Ni-base alloy by 
pack, is difficult because of difference in diffusivity of Cr and Al in NiAI. 
However, one step chromo-aluminizing coatings have been made with 
microstructure of chromium and NiAI layers, quite different from conventional 
aluminide coatings. Rapp et al [18] have produced a coating with a Kanthal 
like surface composition Fe-20 Cr-4 Al by simultaneous chromising and 
aluminizing iron or low alloy steel by using a high activity Cr/AI master alloy 
and a rotating pack. 
1.1.3.b.2 Platinum modified aluminide coatings 
Significant improvement in the high temperature hot corrosion HTHC 
(900-1000°C) of aluminide coatings have been reported if Pt is incorporated 
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with aluminide. Low temperature hot corrosion (LTHC) is little affected by this 
modification. There is strong change in the structure of the coating. The role 
of platinum in the aluminide system is very similar to the role of Ni in NiAI. 
Platinum is relatively immobile in Al-rich NiAI phase and highly mobile in Ni-
rich NiAI phase. The platinum modified coatings develop a spectrum of 
structures derived from archetypal two zone and three zone structures of 
standard aluminides, depending upon the aluminizing treatment, and 
platinum deposit heat treatments, prior to aluminization of the alloy and this 
results in the improvement in the hot corrosion at high temperatures [19,20]. 
Chromium modified platinum aluminide coatings have been prepared 
by either electroplating platinum, followed by pack chromising and 
subsequently low activity aluminizing or by pack chromising, followed by 
electroplating platinum and finally low activity aluminizing. Pt-Cr-AI coatings 
exhibit a three-zone structure similar to low activity platinum modified 
aluminide coating. Cr-Pt-AI coating has somewhat more complicated 
structure. There is a thick high-density surface layer of PtA^ with a small 
volume fraction of a-chromium. The structure with high level of platinum and 
chromium in a localised region of the coating, suggests an initial inward 
diffusion of Al, which entraps the platinum and chromium followed by 
reduced Al activity and subsequent nickel diffusion. These coatings have 
shown very good resistance to LTHC [21]. 
1.1.3.b.3 Palladium modified aluminide coatings 
It has been reported that palladium modified aluminide coatings are 
inferior to the corresponding platinum modified coatings. This is mainly due 
to the hydrogen embrittlement during the deposition. This can however, be 
prevented if the gas intake is prevented by replacing palladium by a 
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palladium + M (M can be Ni, Co, or Cr, which have very low hydrogen 
solubility) or by applying on to the substrate a duplex pre-deposit made of 
two metallic layers, a pure palladium and a top layer of metal M [22]. The 
results obtained so far indicate that palladium aluminide coatings behave at 
least as well as typical Pt-modified aluminide coatings under the same testing 
conditions [23]. 
1.1.3.b.4 Yttrium and other rare earth modified aluminide 
coatings 
Rare earth addition, as it is well known, improves the protective 
properties of the coatings. I^ odifying a diffusion coating with oxygen active 
elements such as Hf and Y has proved beneficial in solving the problem of 
poor adherence of protective oxide scales [24]. Wu et al. [25] have reported 
improved hot corrosion resistance of superalloy coated by slurry, ytterizing 
step in NaCI+Na2S04 environment. Another way of preparing the coatings 
was ion implantation of Y after aluminizing. The reverse method of 
aluminizing on Y ion-implanted substrate was not possible [26]. Improved 
corrosion resistance was noticed due to better adherence of the alumina layer 
formed. The aluminide coating dispersed with oxides Y263, La203, Gd203 and 
Ce02, electrodeposited on the substrate followed by aluminizing showed 
improved performance [25]. In a recent paper, Du et al. [27] have reported 
the high temperature corrosion behaviour of Hf-modified chromo-aluminised 
coatings produced by a single step process. Cr, Al and Hf were introduced 
into the surface of the RENE' 80, INC 718 2.25Cr-lMo steel by pack 
cementation. The coated alloys were subjected to cyclic hot corrosion and 
cyclic oxidation test at 870 and 875 °C. The surface treated alloys were also 
sulfidized at 750 °C in an environment of H2/H2S/H2O yielding Ps2=10'^  atm. 
and Po2=10"^ ^ atm. The coated and exposed specimens were characterized 
by optical microscope, SEI^ j, EPMA, EDX and XRD. Cyclic hot corrosion and 
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oxidation tests sliowed that the presence of the Cr-AI-Hf on the surface of the 
alloys enhanced their corrosion resistance. The rare earth element modified 
chromium aluminide coatings showed superior protectivity. 
l,1.3.b.5 Silicon, Boron, Niobium and Titanium modified 
aluminide coatings 
The performance of Si-modified aluminide coatings in high 
temperature hot corrosion test condition was examined by Kircher et al. [28]. 
In the experiment, the HTHC resistance of diffusion .aluminide coatings 
formed by pack cementation and slurry aiuminization processes were 
compared. Slurry aiuminization, unlike pack cementation, allows substantial 
amount of Si to be introduced into the NiAl coating structure. For this reason 
particular emphasis was placed on the HTHC behaviour of Si-modified 
aluminide coatings produced from a slurry. It has been concluded that a Si-
modified aluminide coating produced from a slurry had the best HTHC 
resistance owing to the presence of layered Cr-and Si-rich phases in the outer 
zone of the coatings. The HTHC life of 50nm Si-modified aluminide on IN 100 
was equivalent to 95|im pack aluminide on IN 738 under similar test 
conditions. In a recent paper, Swadzba [29] presented the results of the 
influence of Si on the structure and properties of aluminide coatings on Ni-
base super alloys. The Si-modified coatings were found to have higher phase 
stability at service temperature in comparison to other types of coatings. The 
modified aluminide coating has demonstrated higher hot corrosion resistance 
than that of unmodified aluminide and chromo-aluminide coatings. Tl, Nb 
and B modified aluminide coatings have also been found to offer good 
protection, with no carburization [30]. These retard the Al-diffusion from the 
layers into the matrix and prevent the degradation of the coatings at high 
temperatures. 
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1.1.3.C Carbide coatings 
High temperature oxidation in corrosion atmosphere is of considerable 
importance to forging dies and similar hot-related industries. These coatings 
have advantage over other Inorganic high temperature coatings due to their 
hardness, durability, superior heat and oxidation resistant properties [31-35]. 
Silicon carbide, boron carbide and the transition metal refractory carbide have 
been used as coating materials. These coatings have a wide range of 
application in nuclear reactors and other high temperature assemblies 
working in corrosion environments. The carbide is deposited by thermal 
decomposition of halide vapours and diffusing carbon simultaneously. In 
another method the oxide of metals are mixed with graphite and Al-powder 
and the product is heated in a crucible containing metal which has to be 
coated. Heat resistant chromium carbide coating on steel is obtained by using 
a mixture of low alkali borosilicate glass and chromium carbide powder. The 
coating is performed in an atmosphere of argon. In a recent study the 
coatings of vanadium carbide, chromium carbide and V-Cr-C mixed carbide 
were produced on AISI H 13 tool steel by both the salt bath and pack 
cementation method. The oxidation behavior of these surface coatings were 
investigated by exposing to air at high temperature. Oxidation testing in a 
muffle furnace at 500-900°C shows that chromium carbide has good oxidation 
resistance up to 900°C, while iron nitride, vanadium carbide and V-Cr-C mixed 
carbide will deteriorate when heated beyond 600°C [36]. 
1.1.3.d Boride coating 
the general method of depositing boride coating Is to carry out gas 
plating according to the reaction [37], 
TiCU + 2BCI3 + 5H2 ^ TiB2 + 10 HCI 1.1.1 
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TiB2 coating is fornped at temperature higher than 600°C and 
deposition tal<es place at 780°-950°C with a coating thicl<ness of > 3 | i . 
I^ loskowitz et al. [38] have obtained boride coatings by spray and fused self 
fluxing process. Powdered Ni- or Co- base alloys containing Cr were mixed 
with elemental boron sprayed on the substrate surface and fused, self fluxing 
alloy powder precipitated from a viscous melt of the alloy and formed a hard 
coating of chromium boride or chromium carbide. 
1.1.3.e Silicide coatings 
Silicide coatings have been used on Nb, W, Ta, l^ o and other 
refractory materials as heat resistant coatings for protection against high 
temperature oxidation [39]. Silicon is deposited on metal surface by passing 
mixture of H2 and silicon halides over the metal surface. A silicide coating has 
been prepared from a flame spray powder mixture [40]. The metal silicide is 
selected from the group consisting of disilicides of Ti, Zr, Hf, V, Nb, Ta, Cr, 
Mo, W, l^n, Co, B and I^g. Metal silicides have a good corrosion resistance at 
high temperature, and may therefore be used as protective coatings. 
Zirconium silicide coatings were prepared by depositing silicon from mono-
silane on heated zirconium samples [41] and then its oxidation behaviour was 
studied in an atmosphere of oxygen and water vapour. The oxidation of these 
coatings follows the general rate law (Am)"= kt. Good corrosion resistant 
property was shown by this coating compared with that of pure zirconium. 
The influence of molten V-rich deposits upon silicon coated Ni/20 Cr 
alloy has been examined at 900°C under oxygen using 20-80% mixtures of 
V2O5 and Na2S04 as corrodant [42-43]. Coating applied by plasma spraying, 
pack cementation, ion implantation and vapour deposition were all found 
effective. It was found that the coating obtained by ion implantation was 
most reliable with good adhesion, uniform composition and even thickness. 
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The barrier type layers involving both Si and Cr containing species showed 
the improved behaviour. Recently, the high temperature corrosion 
characteristics in oxidation, hot corrosion and solid particle erosion of silicide 
ceramics were reviewed in comparison with supper alloys [44]. The silicides 
were found to have much more superior resistance against such corrosion 
attacks than the supper alloys, except for certain cases of hot corrosion 
environment. 
l.l.S.f Nitride coatings 
Though nitride coatings possess excellent adhesion and high 
temperature corrosion resistance properties but very limited work has been 
carried out on these coatings. To prepare these coatings NH3 is used as 
nitriding agent. Ammonia is mixed with vapours of metal halide and then 
passed over the substrate to obtain nitride coating. For example, titanium 
nitride coating can be prepared by reacting TiCU with NH3 in the temperature 
range of 900-1200°C in a nitride coated steel or in a quartz reaction vessel 
[45]. Simple procedure is employed to prepare the coating of BN [46] on Ni, 
W, Cu and Mo metals and steels. The nitride films of 0.35 |j,m thickness were 
deposited by using high frequency heating in N2 at 450°C and 0.03 torr. I.R. 
spectroscopy and X-ray diffraction techniques were used to characterize the 
film compatibility temperature, which followed the order: Ni > steel > Mo > 
Cu > W. The BN coating has better adhesion than Si02 and AI2O3 coatings. 
The TIN coatings have some exceptional advantages over other nitride 
coatings [47-53] due to its high hardness, good wear and corrosion 
resistance, chemical stability and attractive golden appearance. To obtain the 
TIN film on specimen Ion-plating and sputter deposition techniques were 
used. The chemical and structural composition of the films were characterized 
by X-ray diffraction, scanning electron microscopy and electron spectroscopy. 
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Corrosion testing was carried out potentiodynamicaiiy in deaerated IN H2SO4 
aqueous solution at 25°C. Test results indicate that dense ion plated TIN films 
have a passive corrosion current density as much as five orders of magnitude 
less than other coatings. 
1.1.3.g Silicate coatings 
The silicate coatings are suitable for aluminum or steel and provide 
excellent high temperature corrosion resistance in air, H2S and cathodic 
protection of underground metal structure [54]. Complex silicate of glass 
composition is the recent development in silicate coatings [55]. Some Si-
based ceramic coatings have been developed for heat resistant Ni, Co, and 
Fe-base alloys [56-57]. These are used as sacrificial coatings to prevent 
crevice corrosion caused by the stray currents, differences in stress through 
structures and the differences in soil conditions. These coatings have also 
been found suitable for gas turbines. 
1.1.3.h Phospliate coatings 
Among the conventional inorganic coatings, the phosphate coatings 
have most extensively been used, and innumerable references are available 
concerning with their preparation, properties and uses. These coatings are 
prepared by treating metal or alloy with phosphoric acid or solution of 
primary phosphates of Mn, Fe, Zn, Al or Cd. The basic properties of 
phosphate coatings depend on the surface preparation, the solution 
composition and operating conditions. A corrosion resistant glassy coating 
[58] of phosphate on the ferrous alloy was obtained by mixing ZnO: 54%, 
P2O5: 45.5% and Al2O3:0.5% on oxide group IIA or IIIA metal (> 1.0%). Bogi 
and McMillan [59] reported a two-stage phosphorating process for coating on 
steel. An important and novel phosphate coating is boron phosphate coating 
[60-61], which is prepared by mixing equimolar amount of P2O5 and B2O3 at 
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600-650°C, Conversion coatings [62] for A! have been prepared by using Zn, 
Cr and Ni phosphates. In these coatings the crystalline and amorphous 
phosphates are present in the form of 54Zn3(P04)2.11AIP04, Ni3(P04)2.11H20 
and Cr(OH)2.HCr04. AI(OH)3.2H20 respectively. These coatings are used in 
making containers and in aerospace industry. The reaction of aluminium 
trichloride and orthophosphoric acid in presence of ethyl alcohol and HCI 
produces a white crystalline inorganic coating. The heat resistant, mechani-
cally stable and high speed gas flow resistant phosphate coatings have 
recently been prepared [63] by the addition of AI2O3 15-20%, B2O3 1-4%, 
CaO 1-3% and BaO 1.5-3.5% to a composition containing Si02 10-30%, 
AI(0H)3 3-15% and aluminium phosphate as binder. 
1.1.3.1 Borate coatings 
It Is found that the coatings of orthoboric add on high purity iron 
decrease the oxidation rate in oxygen in the temperature range of 700-
1100°C [64]. On these coatings limited amount of work is reported. When in 
contact with the heated iron surface, the B2O3 powder dissolves any residual 
or reformed scale. It has been proposed that the oxygen dissolves in the melt 
and is transported to the melt / iron interface. At the surface, solution of iron 
and oxygen ions continue until a complex iron-oxide boron-oxide complex is 
precipitated. The complex oxide is iron boroferrite 4FeO. Fe203 B2O3. 
1.1.4 Coating methods 
A number of coating techniques are available to deposit the coating 
materials on the surface of the substrate. These methods range from 
traditional paint, dip, electroplating, chemical vapour deposition to recently 
developed physical vapour deposition. Some of the techniques have acquired 
commercial status, while some are still in research and development stage. 
Depending upon the requirement, a combination of mehtods can be 
employed to achieve a multilayer complex coating. 
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1.1.4.1 Pack cementation 
This is the most widely commercially used method for depositing 
aluminide and chromised coatings. Pack cementation diffusion coatings are 
applied to more than 90% of all turbine blades, used in Jet engines [65]. 
Pack cementation is preferred primarily because it is low cost, highly efficient 
process. It also allows the co-deposition of elements and has the ability to 
coat many components at the same time, including those with complex 
geometries. The cementation pack is usually halide activated and can be 
considered as self generated chemical vapour deposition process, carried out 
in a thermodynamically semi-closed system under isothermal conditions. In 
pack cementation process, the substrate after thorough cleaning is placed in 
an air tight retort containing a mixture of aluminium (or aluminium alloy), a 
halide activator (NH4CI or NaCI) and an inert filler such as AI2O3. Heating is 
carried out from 750 to 1000°C, for more than one hour. The halide activator 
decomposes, halogen reacts with aluminium to form aluminium halide and 
diffuses to the substrate surface, releasing halide ions which once again react 
with the aluminium powder in the pack. The deposit on the surface of the 
substrate diffuses to form a zone, whose thickness depends upon the 
temperature and time of heat treatment. The microstructure of the coating is 
controlled by the substrate composition, temperature and the pack 
composition. 
There are a number of limitations of the coatings, namely, high 
temperature involved during coating may induce metallurgical changes in the 
substrate, the coating composition and structure may vary over a large 
component and problem of peeling the coating before joining two large 
components. 
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1.1.4.2 Gas-phase chemical vapour deposition (CVD) 
This method, CVD, differs from the pacl< cementation process in the 
sense that the substrate is not in the direct contact with the powder mixture 
and instead the vapour of the coating constituents, arrive at the surface. The 
gaseous transporting agent, generated in a separate chamber can reach the 
surface of intricate shapes. This process can be scaled up and an industrial 
process has been developed by SNECMA in France called SVPA (Snesma 
vapour phase aluminizing) process [66]. CVD is divided into four groups: (i) 
thermal deposition e.g. Al-tri isobutyl to produce Al. (The coating of Ru, Pd, 
Pt, Au, Bi, Sb and Zr can also be thermally deposited), (ii) reduction of a 
halide by H2 results in deposition of Os, Rh, W, V and Nb, (iii) reaction of a 
halide to give a refractory compound of a metal like carbide, nitride or oxide 
of titanium and (iv) disproportionation reaction e.g. AlCI gives Al and AICI3. In 
CVD bonding between the coating materials and substrate takes place by 
interdiffusion process. CVD can form wear resistant layers and high 
temperature coatings [67]. 
The main advantages of CVD are reuse of the pack, easy in masking 
the undesired area and absence of any surface contamination of pack 
particles. Both metals and semiconductors can be deposited by CVD. 
1.1.4.3 Slurry coatings 
Slurry coatings are obtained by applying a powder mixture of 
aluminium or aluminium alloy plus an activator along with a binder either by 
spraying or brushing, which is then subjected to diffusion treatment at 
temperature in the range of 1000-1200°C. Depending upon the aluminium 
content in the slurry, the coating can be formed by inward diffusion of 
aluminium or by outward diffusion of base alloying elements if activity of Al is 
low. The addition of Y or Ce along with chromium has long been tried 
successfully using slurr/ method [68]. Slurry technique has been successfully 
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used for the preparation of inorganic coatings on austenitic and mild steel. 
Inorganic coating materials were mixed with citric acid, Ti02, MnOa, boric acid 
etc. to promote surface adhesion. 
1.1.4.4 Hot dipping 
Hot dipping involves immersion of the part to be coated in a molten 
pool of metal to form intermetallic coating by interaction with the substrate. 
Diffusion takes place during dipping or during subsequent heating. Hot 
dipping of iron or iron base alloys in Al-Zn alloys results in the formation of 
FezAls coatings on the surface, whereas under typical galvanizing conditions, 
FeAb and FeAls coatings are formed [69]. 
1.1.4.5 Flame and plasma spraying 
In these methods the. coating alloy in the form of powder or wire is 
injected into a flame or plasma where it melts and forms small molten 
droplets. The atomization is an important aspect of this process. The droplets 
are then projected on the surface to be coated with the help of high-pressure 
gas, where it splats and freezes on impact. The integrity of the coating 
depends upon the atomization, the melting of the particles, the degree of 
oxidation of the droplets and the velocity of impact. 
A wide range of techniques are available which modify one or more of 
the above parameters [2,70,71]. Flame spray with acetylene-oxygen gives a 
relatively low temperature, which may be increased using arc, detonation gun 
or using plasma where the temperature increases to as high as 15,000°C 
compared to 2000°C in flame, 3500°C in arc and 7000° in detonation gun. The 
bonding increases considerably in detonation gun, while density and 
homogenization improve considerably in plasma because of lower oxidation of 
droplets. Still improved version of low-pressure plasma spray coating or 
vacuum plasma spray may produce a very dense coating of fine quality. This 
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technique, however, requires a chamber and a robot applicator thus limiting 
the size of the component eventhough very large vacuum chambers have 
been constructed. 
1.1.4.6 Electroplating plus pack cementation 
The most significant advancement in recent years was the 
development of Pt modified aluminide coating. The method involves the 
electrodeposition of thin layer (upto l|im) of Pt, followed by a pack 
aluminising treatment during which the Al and Pt interdiffuse with each other 
and with the substrate alloy [72]. 
1.1.4.7 Fused salt electrolysis 
This is a high temperature process in which Al is deposited from a 
molten salt bath on to a nickel base alloy cathode and then diffuses inward to 
form a nickel aluminide coating. The method is not very popular as it is highly 
expensive. 
1.1.4.8 Electron beam evaporation 
Another way of depositing a metallic coating on the substrate is by 
thermal evaporation of a metal source. The metallic vapour or vaporized 
metal is then condensed on the component to be coated. The basic methods 
employed for evaporation are beam or filamentory sources. In electron beam 
vacuum evaporation, the kinetic energies of accelerated free electrons are 
converted into thermal energy when they strike the material to be 
evaporated. Electron beam evaporation offers several advantages, which are 
particularly relevant for the deposition of relatively thick coatings in 
continuous operation [73-74]. 
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(i) The evaporation rate can be varied over a large range 0.001 to 1.0 
nm/s by varying tiie beam power and tlie power density. Vapour 
bubble formation and associated damage caused by deposited coatings 
are significantly reduced, 
(ii) Large amount of coating materials can be evaporated by scanning the 
electron beam over melt pools with large surfaces, 
(iii) Virtually all types of materials can be evaporated from water cooled 
water crucibles, while maintaining high purity levels, 
(iv) Coating materials can be continuously fed to the crucible to facilitate 
continuous operations, 
(v) Multi-component alloy coatings having chemical composition 
maintained within narrow range can be deposited and 
(vi) Electron beam evaporation method can further be improved by using 
arc method or plasma assisted evaporation method. 
1.1.4.9 Electrophoresis 
In this coating process, finely divided particles of coating materials are 
suspended in a liquid dielectric medium and migrate under the influence of an 
electrostatic field and deposit on an electrode. This migration takes place due 
to positive and negative charges on the particles, depending upon the 
composition of the system. The advantage of this method is that it has a very 
high rate of deposition and a good control of thickness. It is applicable for a 
variety of materials, both metallic and ceramic [75]. The major disadvantage 
is that some coatings are easily damaged on handling, so a separate heat 
treatment is required for sintering and densification. 
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1.1.4.10 Ion implantation or soft vacuum vapour 
deposition 
The method is widely used for the application of dense, uniform and 
very adherent aluminide coatings. This process has replaced cadmium 
electroplating. As Cd has many drawbacks so Al has replaced Cd. Aluminium 
coatings provide good corrosion protection for high strength steels at high 
temperatures without causing embrittlement. Environmental corrosion tests 
of Al-coated steel fasteners installed on a C-130 aircraft have been reported 
to show better performance [76-78]. The ion implanting process is also 
known to modify greatly the rate of gas-metal reactions. These reactions 
were performed in oxidizing conditions. The scale thickness was found to be 
more than that of initially implanted layers. Iron and titanium were used as 
test materials [79-85]. The metals oxidized by outward cation diffusion face a 
complete blocking of the oxidation of metals and the implanted species are 
more easily oxidised than the host metal. But, in case of Ti, no blocking effect 
was observed during oxidation and it was concluded that ion implantation is 
not a suitable technique for protecting Ti against long term oxidation at 
temperatures above 700°C. Bennett [86] used ion implantation technique in 
studying the high temperature oxidation studies. They produced ion 
implanted coating of Y, Ce, Si, Ti, Cs, AI and Li on Ti, Zr, Ni, Cr, Fe and Cu 
metals and their alloys. The oxidation studies indicate beneficial effects of Y, 
Ce and Si ion-implanted coatings on Fe-Cr alloy in the temperature range of 
700 -1000 °Cfor the period varying from 780 hrs to 5000 hrs. 
1.1.4.11 PVD Tliermal barrier coatings 
Hot corrosion and oxidation resistance can further be improved by 
applying coatings, which provide thermal insulation. These are also used to 
reduce the thermal shock loads on the blades. The so called thermal barrier 
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coatings (TBC) must be (i) sufficiently thick, (ii) sliould have low thermal 
conductivity and high thermal shock resistance, (iii) must have a high 
concentration of internal voids to reduce thermal conductivity to a value well 
below that of the bulk material and (iv) the temperature difference between 
the outer surface of a TBC and the outer surface of substrate material, coated 
or uncoated with other corrosion resistant bonding should be as high as 
150°C. An example of TBC coating of Zr02 stabilized by an addition of 7 wt.% 
Y1O3 deposited using EB vacuum evaporation on MCrAlY coated turbine 
blade. The dense columnar structure of coating, makes it highly resistant to 
thermal shock. The coating is bound by an intermediate alumina scale, which 
provides additional corrosion resistance and better adhesion [74]. Recently, 
Jones [87] has presented an excellent review on the hot corrosion of 
Zirconia-based thermal barrier coatings for engine application. Emphasis has 
been placed on understanding the chemical reactions and the mechanisms 
that cause corrosive degradation of thermal barrier coating. The various 
approaches taken to improve the hot corrosion resistance of thermal barrier 
coatings has also been described an critiqued. 
1.1.4.12 Laser alloyed coatings 
Thermal spray coatings are widely used to protect alloy substrates 
against high temperature corrosion. Coatings deposited by conventional 
thermal spraying systems possess pores, inter-connected paths, and other 
defects that reduce the protective effect [88-89]. Post deposition treatment 
such as diffusion, fusing (for self-fluxing materials), hot isostatic pressing and 
laser processing sometimes are used to improve quality of coatings. Laser 
modifications such as laser glazing [88,90,91], laser cladding [92] and laser 
alloying [93,94] are promising technologies to improve corrosion resistance of 
coatings by changing their metallurgical and chemical properties. When 
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applied under appropriate conditions, laser glazing of Cr-and / or Al-
containing metallic coatings results in a dense, continuous, and adherent 
chromium oxide (CrzOs) and / or aluminium oxide (AI2O3) scale that is 
resistant to high temperature oxidation and corrosion [95]. 
The limitations of many of the coatings (except diffusion coatings) are: 
(i) poor bonding with the substrate, (ii) uneven surface and, (iii) high 
porosity. Specially in many spray techniques one way of modifying these 
coatings is by remelting the already coated surface, using a process which 
does not affect the bulk material and does not require vacuum and other 
sophisticated peripherals. This can be achieved by glazing the coated surface 
using an intense laser beam. The laser beam acts as an intense heat source, 
which melts a localised area very quickly, followed by very rapid cooling. This 
results in a novel structure which is from micro crystalline to amorphous. 
Such a structure is good to achieve low diffusion rates and thus acts as a 
better barrier to the environment. The success of the technique, depends 
upon the coating technique used and proper choice of laser parameters. 
Several coating methods, such as electrodeposition, slurry and spray 
techniques have been employed. It is not necessary always to coat the 
material first before laser treatment. A simultaneous feed of powder along 
with the beam movement can lead to similar results. As far as laser 
parameters are concerned, laser interaction time and the total laser power 
are the most important. A plot of two leads to different processes is shown in 
figure 1.1.1. It can be seen that the laser surface alloying or laser glazing 
requires high interaction time and low power. 
A number of excellent reviews on laser surface alloying have appeared 
in the literature [96,97]. Excellent work on the improvement in the oxidation 
resistance of mild steel by stainless, chromium and chromium+nickel and the 
effect of laser parameters has been published [98]. The formation of surface 
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alloys of active elements on superalloy surface has shown improvement in 
their oxidation behaviour [99]. 
1.1.5 The coating degradation mechanism 
By knowing the type of degradation mechanism the coating is 
expected to undergo, the coating process can be modified. The possible 
degradation mechanisms are: (i) simple oxidation, (ii) oxidation and 
sulfidation, (iii) oxidation, sulfidation with hot corrosion, and (iv) erosion 
corrosion either alone or in combination with oxidation, sulfidation and hot 
corrosion. The oxidation and sulfidation are the most common types of 
degradation mechanism at high temperatures, where the material degrades 
forming oxide, sulfide or a mixture of both oxide and sulfide. This depends 
upon the partial pressure of oxygen, sulfur vapour and the temperature. The 
extent of degradation by oxidation and sulfidation is increased if a salt 
deposit is present on the component. This type of degradation in the 
presence of a salt deposit is termed as hot corrosion. 
1.1.6 Oxidation of iron and iron-base alloys 
1.1.6.1 Oxidation of iron 
When a metal is exposed to oxygen, reaction will take place providing 
the oxygen pressure is greater than the pressure required for the metal-metal 
oxide equilibrium, namely, 
M + 1/2 O2 ^ MO 1.1.2 
Where (PO2)M-MO is the oxygen pressure of metal-metal oxide equilibrium, 
AG MO is the standard free energy of formation of the oxide 1^ 0, and T is the 
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absolute temperature. The equilibrium oxygen pressure for most metals with 
the exception of the precious metals are very small at all temperatures, and 
consequently the thermodynamic conditions are favourable for oxide 
formation in many gas environments encountered in practice. Oxide scales 
are, therefore, developed upon metal exposed to oxygen at elevated 
temperatures. 
Iron is unique amongst the metals to form multioxides scales when 
subjected to oxidation at high temperature. As shown by iron-oxygen phase 
diagram (Fig. 1.1.2) [100], in oxidising atmosphere and temperature above 
560°C iron forms three oxides namely, FeO, Fe304 and Fe203. The lowest 
valency oxide, FeO also called wustite has a NaCI type cubic lattice and is 
metal deficient of the order of 5-12% iron vacancies. Being cation conducting 
it grows entirely by the diffusion of iron and forms inner most scale layer. The 
second oxide Fe304 (magnetite) has a spinel type structure and is an excess 
oxygen compound and grows largely by oxide ion diffusion with an 
appreciable contribution from iron ion diffusion (12%). FezOa (hematite), the 
highest valency oxide is in contact with atmosphere and has a rhombohedral 
crystal structure. It is slightly oxygen deficient, metal excess, and largely 
grows by oxide ion diffusion. 
The relative percentage of FeO, Fe304 and Fe203 in the scales varies 
with temperature, duration of oxidation and the nature of oxidising gas. 
However, above 600°C FeO is the predominant species. Since FeO has more 
defective structure than either of the two oxides, iron oxidises much more 
rapidly above this temperature. Due to the formation of multilayered scales 
containing different oxides, the mechanism of oxidation is not simple and 
requires several mechanistic approaches at various stages of oxidation. 
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1.1.6.2 Cracking of oxide scale on iron 
This aspect has been studied by Bruce and Hancock [101-103] who 
demonstrated the occurance of cracking in oxide scale during oxidation. It 
was found that while the oxide layer on iron after certain amount of 
thickening cracks, the scale on nickel remains intact. The observed deviation 
from parabolic rate law during the oxidation of iron has been attributed to the 
loss of contact between the metal and oxide layers since this always disturbs 
the FeO: Fe304: Fe203 ratio of the scale and can be recognised by an increase 
in Fe304 and FezOs contents. The separation of the oxide layer from the metal 
core is also influenced by the structural state of the iron. 
Hauffe [104] proposed an oxidation mechanism on the basis of 
diffusion through lattice defects. It was modified by Rahmel [105] as all the 
oxidation mechanism proposed by Hauffe could not be explained by diffusion 
through lattice defects. He proposed that besides migration of oxygen via 
oxygen ion vacancies and migration of iron ions via interstitial sites there is a 
possibility of oxygen transport via dislocation pipes or cracks. The scheme is 
schematically represented in figure 1.1.3. 
Several other mechanisms relating to the removal of contact between 
the metal and the scale have been suggested [101,102,106]. 
1.1.6.3 Oxidation of iron-base alloys 
From iron-oxygen phase diagram, wustite appears as 
thermodynamically stable phase at temperature above 560°C. However, due 
to its highly defective structure it grows very rapidly on iron surface via 
outward diffusion of iron ions. The appearance of wustite phase in the scale 
gives rise to a marked deterioration in the protective properties of scale on 
iron. It follows that one of the first measures to improve scaling resistant 
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properties of iron base alloys is the creation of conditions restricting the 
growth of wustite phase. Therefore, practical applications of iron at 
temperature above 500°C demands the presence of an alloying element 
which has a higher oxygen affinity than iron and where oxide grows at a slow 
rate. Generally, Cr or in some cases Al or Si serves this purpose, and when 
present in sufficient concentrations, protective scales of CrzOs, AI2O3 or Si02 
are formed exclusively. At low alloying concentrations, the oxide scales are 
still similar to those on pure iron, with the alloying element remaining in 
solution in wustite and other oxides. The defect concentration may be 
modified, usually increased, resulting in a change in oxidation rate. At higher 
concentrations, the composition range of wustite becomes restricted and 
eventually disappears as a single phase. Compound oxides of general formula 
Fe(FeM)04 with spinel structure are formed. Here M is the alloying element. 
Often these spinels can exist over a range of composition and usually their 
appearance In the scale results in a decrease in oxidation rate. At higher 
concentration still a complete selective oxidation may occur with a maximum 
reduction in the overall oxidation rate. 
A reaction mechanism was proposed for the oxidation of dilute binary 
iron alloys having V, Cr, Si and Mo as alloy additions. The alloying elements 
are less noble than iron. Initially these alloys oxidise like pure iron resulting in 
the formation of iron oxides. Subsequently, oxygen dissolves in the alloy 
phase causing internal oxidation, and because of the preferential oxidation of 
iron, the alloying addition is enriched at the metal / oxide interface. As the 
oxide of alloying addition is formed, this reacts with FeO to form Fe(Fei^ )04, 
giving two phase linear layer. 
Studies relating to enhancement of the oxidation resistance of steel by 
the addition of more than 5 wt.% Aluminum and more than 12 wt.% Cr has 
been carried out [107-109]. It has been shown that small amount of Al and 
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k 
Cr in low alloy steels could enhance the oxidation resistance of oil refinery 
materials. Huang and Zhu [110] have carried out some kinetic experiments 
on oxidation of low alloy steels containing AI and Cr additions in the 
temperature range of 700-850°C. They found a shift in temperature of 
wustite function to the higher side as a result of alloying element additions 
accompanied by an enrichment of the elements on the surface of the steels. 
This probably is the main reason in the improvement of oxidation resistance 
of steels. 
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Hot Corrosion of Metals and Alloys 
1.2.1 Introduction 
The Fe-, Ni-, or Co- base alloys have an excellent high temperature 
oxidation resistance. This is seriously affected when adhering O2O3 or AI2O3 
protective scales are attacked by an electrolytic deposit. This electrolytic 
deposit (ash or ionic) reacts with normally protective oxide layers on the alloy 
and gives way to an accelerated corrosion attack, known as hot corrosion. 
According to current usage in literature, the phenomenon of hot corrosion is 
the accelerated oxidation in a high temperature gaseous environment of a 
material whose surface is coated by a thin fused salt film. An especially 
important characteristic of the hot corrosion attack is that the combined 
effects of the deposit and gas results in much more severe corrosion than 
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would have been induced by the gas alone. In high temperature applications, 
based on fossil fuel energy generation or conversion, salt or ash containing 
environments often exist. The molten salt(s) deposit on the machinery 
components and initiate hot corrosion [1]. During a hot corrosion attack, 
molten salts react with the metallic material(s) of construction in a processing 
plant such as fossil fuel power generating units and causes a depletion of 
alloying elements required to form a protective oxide film on the surface of 
machine parts. Broadly speaking, at elevated temperatures, most of the 
transition metals and some of the non-transition metals fulfill Pilling-Bedworth 
criterion of protectivity of scales under ordinary oxidizing atmospheres and 
follow a parabolic rate kinetics. However, if the metal / alloy is in contact with 
a fused or molten electrolytic deposit (such as ionic salts, ash or oxide) with 
or without the presence of oxidizing environment, accelerated oxidation is 
often observed and the kinetic is no more parabolic. This type of accelerated 
oxidation or corrosion is called hot corrosion. 
The engineers concerned with the degradation of boiler tubes by fuel 
ash condensates have long been familiar with corrosive slag films [2]. 
However, turbine manufacturers and users became aware of hot corrosion in 
the late 1960's, when serious corrosive attack occurred for helicopters and 
rescue planes in service over and near sea water during the Vietnam conflict. 
The hot corrosion of blades and first stage guide vanes of gas turbines 
exposed to marine and industrial atmospheres has received considerable 
attention in the recent past. Extensive corrosion of metals occurs in gas 
turbines that operate in marine or other salt contaminated environments [3]. 
As the researches on hot corrosion progressed, it was soon realized that it is 
not limited to aircraft gas turbine engines but is also uncountered by land 
based turbines using sea water and / or low grade fossil fuels (oil / coal), 
thermal power generating units, incinerators and pyrolysis equipments, 
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petroleum refineries, chemical plants, nuclear power reactors, carbonate and 
sulfide batteries etc. In fact, the hot corrosion attack found in aircraft gas 
turbine engines is of far less intensity due to the use of relatively clean oil 
and comparatively short service life period. 
Hot corrosion is associated with the formation of molten electrolytic 
deposit on the surface of the hot machinery components. These deposits are 
mainly composed of Na2S04 and NaCI. Other deposits include, carbonates and 
vanadates of alkali and alkaline earth sulfates or the salts which lower the 
liquidus temperature. Na2S04 is often found to be the dominant salt in the 
deposit. This is due to its high thermodynamic stability in the mutual 
presence of Na and S impurities in an oxidizing gas and also due to its 
involvement in majority of engineering systems which may be subjected to 
this type of attack. NaCI is one of the important hot corrosion inducing 
constituents and its role during hot corrosion of alloys has been the subject of 
several investigations [4-8]. 
1.2.2 Mechanism of hot corrosion 
Various models have been proposed to explain the mechanism of hot 
corrosion. These are dealt in following sub sections. 
1.2.2.1 Sulfidation model 
The model was proposed by Simon et al. [9] who documented the 
accelerated corrosion of metals in aircraft gas turbines resulting from thin film 
condensates of Na2S04 formed from the reaction of sulfur in the fuel, with 
NaCI from sea water ingested with the combustion air. A mechanism was 
outlined that involved the oxidation of sulfide-base eutectic. The model 
(Fig,1.2.1) includes all proposed mechanism where sulfur plays a decisive 
role. The hot corrosion proceeds in two steps viz. triggering and subsequent 
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autocatalytic step. Although this model seems to be consistent with 
experimental observations and industrial experiences, there are two 
fundamental postulates; the eutectic can be formed beneath a protective film 
and further in the metal substrate and the eutectic would be highly reactive 
to oxygen. The first postulate has been experimentally confirmed wherein 
penetration of S was found for reaction between Ni and Na2S04 in vacuum 
[10]. But the validity of second postulate seems somewhat questionable. 
Spengler and Wiswanathan [11] presulfidised a Ni-15Cr specimen in a 0.2% 
SO2-N2 mixture at 871°C and then oxidized it at the same temperature. They 
found that the oxidation of the presulfidised specimen was faster than for an 
unsulfidised one. Goebel and Pettit [12] sulfidised a Ni-Cr alloy to form a 
continuous external layer of 'CrS' and then oxidised it. The oxidation rate was 
same as for the unsulfidised material. Bornstein and DeCrescente [13] coated 
the surface of B-1900 alloy with a previously prepared Ni-Ni3S2 eutectic. The 
coated specimen was exposed at 900°C for 1000 hrs in an oxygen 
atmosphere. The oxidation rate was similar to that of commercial Ni without 
coating, and much smaller than that for Na2S04 coated B-1900 alloy. The 
above cited experimental results are contradictory and several modified 
models have been proposed. 
A modified model proposed by Seybolt [14] is schematically 
represented in figure 1.2.2. According to this model, if the sulfide forms a 
eutectic melt, it will be oxidised at an enhanced rate. But if the sulfide is solid 
like Cr7S8, the matrix depleted in the protective component (e.g. Cr) would be 
preferentially oxidised. Seybolt emphasized the importance of chromium 
sulfide formation in Na2S04 hot corrosion by illustrating similar 
microstructures for alloys reacted in H2/H2S gases and by showing that 
accelerated oxidation also occurred for an alloy depleted in chromium. 
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1.2.2.2 Salt fluxing reactions 
Although several investigators have been able to reproduce hot 
corrosion morphologies in the absence of salt, a number of other 
investigators have been able to reproduce some aspects of reaction without 
the presence of sulfur. DeCrescente and Bornstein [15] demonstrated that 
the presence of condensed salt film is required for hot corrosion and that 
Na2S04 vapour in air is innocuous. Salt coverage is then expected when the 
temperature of substrate is below the dew point for the given species in the 
gas phase or when liquid particles in the gas phase impact a surface. These 
observations led to formulation of the salt-fluxing model. 
1.2.2.2.1 Basic fluxing model 
There are at least two processes by which Na2S04 becomes more basic 
(i.e. production of oxide ions). One involves the removal of S from Na2S04 by 
the alloy whereby 
SO^- -> S(alloy) + - 0 , + 0 ' " 1.2.1 
and oxide ions are produced. 
The other process arises because the oxide product formed on the 
surface of the alloy may donate oxide ions to the salt as proposed by Rapp 
and Goto [16]. While the oxide that is attempting to be formed at the alloy 
surface may donate oxide ions to the salt, it could also react with existing 
oxide ions by reactions such as 
M0+ 0 ' " -^ MO^" 1.2.2 
Figure 1.2.3 and table 1.2.1 show schematic representation of basic fluxing 
process. A feature that is common to basic fluxing is that the total amount of 
attack becomes greater as the amount of the salt is increased. The 
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microstructural features that are developed during basic fluxing are 
dependent upon the alloy composition. Bornstein and DeCrescente in a series 
of papers [13,17-18], have demonstrated that hot corrosion does not 
necessarily depend on an alloy sulfidation/oxidation sequence, but rather on 
a destructive interaction/dissolution of the normally protective oxide in 
depending on the NazO presence in the salt film, as characterised quantitative 
by an oxide content. Specifically, the authors demonstrated that presulfiding 
three very different superalloys did not result in accelerated kinetics during 
subsequent oxidation in oxygen. Thin coatings of NaNOs and NazCOs on the 
alloys produced hot corrosion kinetics similar to Na2S04, although sulphur was 
absent from the system. Binary Ni-Cr alloys (5-17%Cr) coated with Na2S04 
2-
did not exhibit accelerated kinetics as did pure Ni. However, high Cr04 
contents were found in the salt film, suggesting that Cr203 can buffer a 
potential increase in oxide ion content. Finai'y, while pure Ni reacts rapidly 
with Na2S04 when,.a sulfide phase is formed, a Na2C03 film does not produce 
hot corrosion of Ni since no carbide is formed. It was concluded that salt / 
alloy reactions can (but might not) significantly shift the acid-base character 
of a salt film, thereby effecting a reaction destructive to the protective scale. 
At the same time, Goebel and Pettit [19] studied the hot corrosion of pure Ni 
and Ni-base alloys beneath a fused Na2S04 film at 1000°C and provided a 
semi-quantitative mechanism that is still accepted. Unfortunately, these 
experiments, like those of Bornstein and DeCrescente [13,15,17-18] were 
conducted in pure O2 or air environments (unlike the gas turbine), which can 
not maintain salt acidity or replace the S as Na2S04 reacts with the metal. 
The authors superimposed a reaction path on a log Poj-'og PSO3 phase 
stability diagram for the Ni-S-0 system given by the following equation: 
Na2S04+4Ni ^ Na20 + 3NiO + NiS 1.2.3 
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The Ni metal reacts with fused Na2S04 to form NiO and thereby 
reducing the oxygen activity until the sulfur activity of the salt contacting the 
metal is sufficient to form liquid nickel sulfide. As sulfur is removed from the 
salt by reaction with Ni, the local salt basicity (sodium oxide activity) 
increases to such an extent that reaction of the salt with the otherwise 
protective NiO scale produces a basic solute, nickelate ions. During the period 
of accelerated oxidation, a layered porous NiO scale is formed either by 
exfoliation or by precipitation mVnm the sait fiim in wi~iich tine soiubiiity of NiO 
was locally exceeded. All these results supported what is called basic fluxing 
reaction, i.e. corrosive attack by forming a basic solute of the protective 
scale. Goebel et al. [20] qualitatively demonstrated that Ni-base alloys, which 
are marginal AI2O3 formers, are also subject to basic fluxing since AI2O3 can 
form a basic ionic solute that disrupt protection. However, AI2O3 is not so 
effective as Cr203 in limiting the salt basicity for the hot corrosion of NiAl or 
Ni-Cr-AI alloys. Since basic fluxing of Ni-and Ni-base alloys is generally 
initiated by internal sulfide formation, the accelerated oxidation is not self 
sustaining. Once the sulfidation reaction stops and the salt is saturated with 
oxide solutes, the absence of SO2 and SO3 in a laboratory environment of air 
or O2 also contributes to the suspension of basic fluxing. 
A typical example of basic fluxing is the Na2S04 induced hot corrosion 
of Ni-8Cr-6AI alloy in presence of air [21], At the beginning of the attack an 
O2 gradient is developed across the Na2S04. As a result of this gradient in O2 
pressure, the sulfur activity is increased and NiS is formed on the alloy 
surface. The oxide concentration in Na2S04, which has been increased due to 
NiS formation, reaches values at which AI2O3 and Cr203 dissolve into the 
2-
Na2S04. A process is therefore, developed where SO4 ions diffuse towards 
the alloy, and as regions of lower O2 pressures are approached these ions 
sulfidise Ni whereby oxide ions are produced which in turn react with AI2O3 
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and CrzOs to form products that are soluble In the oxide Ion enriched 
Na2S04. The aluminate and chromate Ions diffuse away from the alloy and 
are precipitated at higher O2 pressures as A12O3 and Cr203 along with oxide 
Ions that diffuse out into the bulk Na2S04 in exchange for sulfate ions. The 
important feature of the process is the compositional differences that are 
developed across the Na2S04. As long as there Is supply of sulfate Ions from 
the Na2S04 the hot corrosion proceeds at approximately linear rate, but as 
the source of sulfate Ions is depleted the attack diminishes and O2 becomes 
more plentiful in the corrosion product. The NIS particles in the scale become 
oxidised and some of S from this process moves deeper into the alloy, where 
in case of Ni-8Cr-6AI, CrS Is formed. The schematic diagram is shown in 
figure 1.2.4. 
1.2.2.2.2 Acidic fluxing model 
Goebel and Pettit [20] demonstrated that AI2O3- forming Nl-base alloys 
can suffer a Na2S04-induced catastrophic oxidation (persistent acidic fluxing) 
during the hot corrosion of alloys containing the components Mo, W, or V. As 
Inter-metallic or carbide compounds of these elements In the alloy are 
oxidised beneath a fused Na2S04 film, the formation of stable complexes 
Involving oxide ions (Mo04^", W04^', or VO3" ions, respectively) is supposed to 
reduce the activity of sodium oxide, or increase the melt acidity, until AI2O3 
and NiO are dissolved as the acid solutes Al-^ "*" and Np"^ , As long as the 
elements W, Mo, or V exist at the metal/salt interface, a locally very acidic 
condition could prevent protective AI2O3 formation. Precipitation of porous 
AI2O3 near the salt/gas interface occurred because the evaporation loss of 
M0O3 or WO3 vapour from the salt locally reduced the melt acidity and 
thereby the AI2O3 solubility. 
45 
General Introduction - II 
A feature of acidic fluxing tliat differ from basic fluxing is that acidic 
induced attack is usually self sustaining. Hence small amount of deposits 
produce much more attack for acidic fluxing compared to basic fluxing. Two 
types of acidic fluxing are known, alloy induced acidity and gas induced 
acidity. In the former, oxides are formed on the surface of alloys which have 
greater affinity for oxide ions (e.g. M0O3, WO3, Cr203) and in the latter most 
common gas components such as SO3 and V2O5 which are often introduced 
to the gas via combustion of fuels containing sulfur and vanadium make the 
deposit acidic (Fig. 1.2.5) 
1.2.2.2.2.3 Alloy-induced acidic fluxing 
The Na2S04-induced hot corrosion of Ni-8Cr-6AI-8Mo alloy has been 
studied in some details [21]. This alloy eventually exhibits alloy-Induced hot 
corrosion. At the scale/alloy interface, a thin zone of sulfide particle is evident 
in the alloy and the scale immediately adjacent to the alloy, contains Na, S, 
0, Mo Ni Cr and Al. It appears that this zone ,Tiay be a solution of Na2S04 and 
Na2Mo04 into which AI2O3, CrzOs and NiO are dissolved. 
Ni-25AI-12W and Ni-8Cr-6AI-6Mo alloys undergo alloy-induced acidic 
hot corrosion which involves following important steps: 
(a) Oxide of W and Mo dissolved into the Na2S04 and some SO3 is 
displaced from the Na2S04. 
(b) The Na2S04 solutions gradually become enriched in the oxides of these 
metals since such solutions probably have a higher solubility for the 
oxides [22]. 
(c) It appears though AI2O3, Cr203 and CoO can dissolve into these 
refractory metal oxide enriched melts by donating oxide ions to the 
melts. The reactions that may take place are 
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2AI + 3W+6O2 --> A\^0,+3\NO,=2A\'' +3\N0l- 1.2.4 
2Cr + 3W+602 ^Cr^Oj+3WO3 =2Cr'"+3W0^- 1.2.5 
Co +W + 2O2 ^CoO + WOj =Co'"+WO'; 1.2.6 
These ions diffuse through the solution (i.e. the zone enriched in 
refractory metal) to the outer zone of the melt where reactions listed above 
proceed in the reverse direction due to lower activity of the refractory metal 
oxides in this region as a result of the loss of the refractory metal oxides to 
the gaseous phase. Hence oxides of AI2O3, Cr203 and CoO are dissolved at 
one side of the melt, (Alloy/melt interface) and reprecipitated as a 
nonprotective scale at the other side (metal/porous oxide interface). 
The most important feature of alloy-Induced acidic fluxing is that a 
zone of liquid is formed immediately above the alloy due to accumulation of 
certain refractory metal oxides (l^oOs, WO3, V2O5) in the Na2S04, and the 
oxides normally relied upon for protection against attack (e.g. AI2O3, Cr203, 
CoO, NiO etc.) become nonprotective due to a solution precipitation process. 
This attache is self-sustaining because a small amount of salt appears 
adequate to cause the development of refractory oxide zone. 
1.2.2.2.2.b Gas-induced acidic fluxing 
Taking CoCrAlY as an example of this type of fluxing, substantial attack 
on this alloy is observed at rather low temperature (700°C), but the rate of 
attack is decreased abruptly when SO3 is removed from the gas. After 
thousands of hours this alloy is not noticeably attacked using Na2S04 in air, 
but substantial attack is observed within hours when SO3 is added to the gas. 
The attack of this alloy requires a Na2S04 deposit since exposure to gases 
containing SO3 and O2 without Na2S04 does not produce significant 
degradation [21]. 
47 
General Introduction - II 
A schematic model to describe the gas-induced acidic fluxing of a Co-
Cr-AI-Y ailoy is presented in figure 1.2.6. At low temperatures the salt 
becomes molten as C0'SO4 dissolves into it. Beneath this liquid layer the alloy 
begins to react with components in the liquid. The principal reaction is one of 
oxygen removal from the melt since the most favourable reactions for 
elements in the alloy are those involving oxide formation. It has been 
determined that SO3 is much more mobile in Na2S04 than oxygen [23]. 
Consequently, it is reasonable to propose that gradients in both oxygen and 
SO3 are developed across the liquid layer with SO3 also supplying oxygen to 
react with the elements in the alloy. The processes by which the SO3 and 
oxygen diffuse through the liquid layer is not known, but it would seem 
reasonable that the SO3 combines with S04 "^ ions and diffuses as pyrosulfate 
ions (5207 '^) where oxygen may be dissolved in the liquid as atoms. 
The preferential removal of Al from the alloy and its subsequent 
precipitation as AI2O3 is believed to occur because of sulfite formation at the 
liquid / alloy interface where oxygen pressure is low and then conversion of 
the sulfite to oxide in the liquid which has higher oxygen pressure. At low 
oxygen pressure the oxidation of Al is proposed to be accompanied by 
reduction of SO3 rather than by reduction of oxygen. The existence of S03 "^ 
ions seems plausible since, at low oxygen pressure, with a supply of SO3 from 
the gas, the SO2 pressure should be relatively high. 
As the temperature is increased the likelihood of acidic fluxing 
reactions involving sulfite becomes less likely. Since higher SO3 pressure are 
required to form sulfite and sulfates as the temperature is increased and 
lower SO3 pressure exist in gas due to the presence of a larger proportion of 
SO2. Hence, as the temperature is increased the gas-induced acidic 
component of the degradation becomes less, and the sulfide phases are 
formed with increased frequency in the alloy. Eventually, oxidation of these 
sulfides is the primary means of hot corrosion degradation. 
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1.2.2.3 Rapp and Goto criterion for hot corrosion 
According to this model, the continued hot corrosion of a metal, which 
is signified by dissolution and precipitation processes, may occur whenever a 
negative gradient exists in the solubility of the protective oxides (as acid or 
basic species) at the oxide/salt interface. 
''d(oxide solubility )^ 
By this criterion (illustrated schematically in figure 1.2.7) the 
continuous reprecipitation of the oxide In the salt film away from the oxide / 
salt interface is expected to permit local equilibrium between the oxide and 
the salt throughout the film. 
Because of a reprecipitation oxide cannot form as a continuous 
protective layer, a voluminous, porous oxide product intersperesed with salt is 
expected, this morphology is indeed representative of hot corrosion products. 
1.2.3 Thermodynamics of the hot corrosion 
1.2.3.1 Combustion / Condensation 
Several different types of thermochemical calculations, and especially 
the graphical representation of the results, have been very important in 
characterizing and analyzing hot corrosion reactions. There are several 
reported works [24-26] which support the accelerated oxidation attack when 
Na2S04 is present in condensed deposits on the alloy surface. Na2S04 may be 
formed from NaCl, SO2 / SO3 and H2O by the following reactions. 
2NaCI + SO2 + H2O + V2O2 -> Na2S04 + 2HC1 1.2.8 
2NaCI + SO3 + H2O -^ Na2S04 + 2HC1 1.2.9 
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According to DeCrescente and Bornstein [15], the equilibrium 
conversion of NaCI to Na2S04 and HCI would be complete by 75% at 1000°C 
under 1 atmospheric pressure. Condensation of Na2S04 will occur when its 
partial pressure is greater than its equilibrium vapour pressure. Since the 
partial pressure of Na2S04 is a function of the initial amount of NaCl vapour in 
the intake gas and the total pressure, the phase stability diagram will depend 
upon both factors. 
Early thermocalculations by DeCrescente and Bornstein [15] were 
updated [27-28] to analyse the formation and condensation of Na2S04 for the 
combustion conditions in the gas turbines with given salt contents in the air 
and sulfur contents in the fuel. Kohl, Stearns and Fryburg [29] used 
equilibrium thermodynamic calculations and the NASA program to predict the 
dew points of Na2S04 in flames as a function of sulfur content in the fuel and 
salt content in the combustion air. The results were tested experimentally in a 
IMach 0.3 burner rig in which condensates from flames seeded with sea salt, 
Na2S04, or NaCI were collected on a Pt plate at various temperatures. In 
these experiments, NaCI-seeded flames were found to deposit only Na2S04, 
as calculated. Good agreement was found between the observed Na2S04 and 
CaS04 deposition temperatures and the calculated values. The measured 
rates of Na2S04 deposition were reasonably predicted by a chemically frozen 
boundary layer theory describing the transport of volatile sodium containing 
species to the substrate by the simultaneous effect of Ficl< and Soret 
diffusion, convection and turbulence [30]. Luthra and Specil [31] provided 
computer-assisted thermodynamic analysis of the equilibrium composition of 
the gas phase and condensates, and the conditions for equilibrium 
condensation, for the combustion of fuels containing Na, V and S by NaCI 
contaminated air in gas turbine conditions. In a similar study [32], the 
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authors treated the behaviour of contaminants for a pressurized fluidized bed 
coal combustor (PFBC) / gas turbine (GT) cycle. 
1.2.3.2 Metal-sulfur-oxygen phase stability diagrams 
The plotting of phase stability diagrams for fused salt systems as log-
log diagrams involving two environmental parameters dates back to Pourbaix 
and early CEBELCOR reports. With the assumption of unit activities for 
condensed phases in mutual equilibrium, many authors followed Quest and 
Dresher [33] in applying stability diagrams to the problems of hot corrosion. 
Plots of log Po2"'og PSz' '°9 P02"'°9 ^^ 502' °^ '°9 P02"'°g '^ SOa ^ ^^^ appeared 
in literature to describe the environmental regimes of stability for oxides, 
sulfides, sulfates etc. for various metals. 
Thermodynamic stability diagrams have limited predictive capability 
and can be used only to provide a guide for understanding and explaining the 
observed results, as kinetic and morphological aspects will greatly influence 
corrosion behaviour. They only indicate about the particular phase being in 
equilibrium with a gas of a given composition and at best the possibility of 
the formation of a particular phase. The possible sequences of the phases 
formed can be made clear by the reaction path [34-37]. In interpreting 
experiments, there is no need to suggest the reaction of species that is hardly 
present, nor the formation of a product species that would not be stable. For 
the usual assumptions, the construction of such diagrams requires only a 
knowledge of the standard Gibb's energies of formation for the compounds in 
a given system. 
1.2.3.3 Salt chemistry 
According to Inman and Wrench [38], oxyanion melts of alkali nitrates, 
carbonates, hydroxides and sulfates exhibit an acid-base character. The acid 
CEBELCOR-Brussels, Belgium 
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components may be considered as NOzCg) (nitrates), C02(g) (carbonates), 
H20(g) (hydroxides), or S03(g) sulfates whereas basic components are 
NO3", COs^ ", OH", and S04^", respectively. The oxide ion can also be 
alternately chosen as the Lewis base in common for all of these salts. For a 
melt of pure Na2S04, the equilibrium 
Na2S04 = Na20 + S03(g) 1.2.10 
with log aNa20 + log PSO3 = AG° 2/2.303 RT 
=-16.7 at 1200K 1.2.11 
provides the parameter -log aNajo as an unequivocal measure of salt basicity, 
free of the problems associated with the alternate choice involving ionic 
species of -log[0^'] = P^ . 
In examining the expected stability of the protective oxide Cr203 with 
respect to dissolution either as acidic solutes such as Cr2(S04)3 or CrS, or as 
basic solutes such as Na2Cr04 or NaCr02, the phase stability diagram for the 
Cr-S-0 system can be superimposed on that for Na-S-0, as shown in figure 
1.2.8 [39]. The two abscissa scales at bottom and top of the figure provide 
alternate parameters for melt basicity (or acidity). Other similar diagrams can 
be found in the literature for Na-Co-S-O[40], Na-Ni-S-0 [40], Na-Fe-S-0 [41], 
Na-AI-S-0 [42] and Na-Si-S-0 [43] systems (Figs. 1.2.9-1.2.13). 
1.2.3.4 Oxide solubility 
A large number of publications are available dealing with the 
phenomenology of Na2S04-induced hot corrosion attack. But our knowledge 
regarding actual chemical reactions taking place in propagation stages of hot 
corrosion attack, namely, between Na2S04 and oxide scales (formed in the 
initials stages of attack), is rather limited. Virtually all engineering alloys used 
at high temperatures form oxide scales on their surfaces that provide 
protection from rapid oxidative or corrosive attack. When the environment 
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includes a molten salt, the surface degradation of the alloy is often much 
faster than in oxidizing, gaseous environment. The reaction of protective 
oxide coating with molten salts are part of the hot corrosion process, and 
therefore solubility data are essential to the evaluation of models of hot 
corrosion, especially with regard to the mechanism known as fluxing. A 
review of literature on hot corrosion reveals that only the recent work carried 
out by Rapp and co-workers on the solubilities of metal oxides (NiO [6,40], 
Co3O4[6,40], Y203[44], Al203[42,45], Cr203[45], a-FezOs and Fe304[41], 
Si02[43]), in molten Na2S04 provide some information about metal oxide-
Na2S04 interaction at high temperatures. The knowledge of the solubility of 
protective oxide and its dependence on fused salt chemistry may aid in 
understanding the occurrence and importance of fluxing (dissolution) and 
thus in interpretation of hot corrosion mechanism and in the development of 
new protective materials. 
Starting from the known Na-M-S-0 stability diagrams, and using a high 
temperature reference electrode to indicate the activities of oxygen and 
Na20, the solubilities of oxides NiO, C03O4, AI2O3, Y2O3, Fe203 and Fe304, and 
Si02 have been measured at 1200 K for PQJ = latm. From the basicity 
dependencies of the^ solubilities of these oxides as acidic and basic solutes, 
the authors have inferred the identities of the solute and established their 
activity coefficients. The solubilities of a-AbOs and Cr203 in Na2S04 at 1200 K 
have been reported [45] as a function of PQJ and a^^  Q.^ Q . Probably because 
of some reactions of Na2S04 with Pt electrode, some aspects of the work are 
inconsistent with thermodynamic expectation. The observed minimum in the 
oxide solubility occurred at too high a value for aNajO. The solubility of a-AbOs 
in fused Na2S04 at 1200 K and PQJ = 1 atm. was measured using improved 
methods [42]. In the study, it was shown that at 1200 K and PQ = 1 atm. 
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a-AbOs dissolves in fused Na2S04 as one acidic and one basic solute species, 
with the minimum solubility occurring at log a Najo = -15.4 (Fig. 1.2.14). 
Because neither dissolution reaction involves a change in Al valence, the 
solubility should not depend upon PQJ. The solubilities of Cr203 in fused 
Na2S04 were measured as a function of the melt basicity at 1200 K at 
1.01x10^ Pa and 3.19X10"'' Pa oxygen, using improved method to measure 
the melt basicity (Fig. 1.2.15)[39]. The reported solubility data were generally 
consistent with the thermodynamic phase stability diagram for the Na-Cr-S-0 
system at 1200 K shown in figure 1.2.8. 
The solubility of NiO and C03O4 in Na2S04 in 1 atm. O2 at 1200 K, have 
been experimentally determined as a function of salt basicity (log aNa2o) [40]. 
NiO, which dissolves as NiS04 in acidic salts and as sodium nickelate (NiOV) 
in basic salts, shows a well defined minimum in solubility at -log aNa20 = 10.3 
(Fig. 1.2.16). The identification of these species is inferred upon comparing 
the dependence of NiO solubility upon the basicity (log aNa2o) of Na2S04 melts 
with models derived from thermodynamic stability plot. The activity 
coefficients for NiS04 and NaNi02 dilute solutions were established as 0.12 
and 50, respectively, but large uncertainty is inherent in the calculations. The 
solubility of C03O4 is very similar in behaviour to that of NiO. However, it is 
slightly more basic oxide and show a minimum in the solubility plot at 
-log aNajO = 9.2 (Fig. 1.2.17). The C03O4 dissolves as C0SO4 (Co "^^ ) in acid 
dissolution and as NaCo02 (C0O2) in basic dissolution in Na2S04 at 1200 K. 
The activity coefficient of 2.5 was established for a dilute solution of C0SO4 in 
Na2S04. 
Zhang and Rapp [41] shows the solubilities of two oxides Fe203 and 
Fe304 in Na2S04 at 1200K as the four solutes Fe2(S04)3, FeS04, FeS and 
NaFe02 (Fig. 1.2.18). The results exhibited excellent agreement between 
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experimental and theoretical expectations, assuming constant activity 
coefficients for the solutes in the dilute solutions. These data are particularly 
useful in interpreting any oxide fluxing / precipitation mechanisms in thin salt 
films with gradients in both oxygen and NazO activities. The solubility of Si02, 
an acid oxide resistant to Na2S04 hot corrosion, was measured in fused 
Na2S04 at 900°C by Shi and Rapp (Fig. 1.2.19) [43]. From the experimental 
facts, they concluded that the dissolution of SiOz in Na2S04 melt at 900°C is a 
physical dissolution process, the SiOz dissolving as SiOz molecules or 
complexes, with no chemical reaction between the SiOz and Na2S04. 
The solubility of Y2O3 in both molten Na2S04 (1200 K) and NaCI (1100 
K) was reported by Deanhardt and Stern [44]. The solubility was determined 
by coulometric titration of YCI3 (in molten NaCI) and Y2(S04)3 (in molten 
Na2S04) with electrochemically generated oxide ions using a stabilised 
zirconia electrode as an oxide ion source. The minimum solubility for Yttria in 
molten Na2S04 occurs at -log aNa20 of ~10 which is equal to the minimum 
solubility of NiO in molten Na2S04 [6]. Y2O3 appears as a more acidic oxide in 
molten NaCI with a minimum in the solubility plot at -log aNajO ** 12. 
Figure 1.2.20 presents a compilation of measured solubilities in fused 
Na2S04 at 1200 K for P02 = 1 atm. for the oxides of principal interest to high 
temperature alloys and coatings. Si02, which does not form dominant ionic 
solutes in the reported basicity range is represented by a straight line. The six 
orders of magnitude difference in -log aNajO values for the solubility minima 
between C03O4 and AI2O3 or Cr203 emphasizes the importance of local 
chemistry within a fused salt film. Misra, Whittle and Worrell [46] described 
the acid solubilities of NiO, CoO and C03O4 in terms of regular solution model, 
that permits the extrapolation of solubility data to lower temperatures. Other 
measurements of the solubilities of NiO and C03O4 agree with those shown in 
figures 1.2.16 -1.2.20. ; \ - - '^ ' '^"~ "^ '" 
r 
r^r^ -• ' 5 5 '•' • : 
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Fig. 1.2.1 Schematic diagram to illustrate the "Sulfidation 
Model", proposed by Simons et al. 
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Fig. 1.2.2 Schematic diagram to illustrate the modified 
Sulfidation l^odel, proposed by Seybolt. 
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Fig. 1.2.3 Schematic diagram for basic fluxing model for hot 
corrosion of pure Ni. 
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AI2O3 
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Alloy " 4 — Na2S04 f-Gas 
Fig. 1.2.5 Schematic diagram for acidic fluxing model for alloys 
containing Mo,W and / or V. 
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Fig. 1.2.6 Schematic diagram to illustrate the hot corrosion 
attack of a CoCrAlY alloy in presence of SO3 and O2. 
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Fig. 1.2.7 Schematic diagram representing cases of continuous 
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Fig. 1.2.8 Thermodynamic phase stability diagram for the 
Na-Cr-S-0 system at 1200 K. 
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Fig, 1.2.10 Thermodynamic phase stability diagram for the 
Na-Ni-S-0 system at 1200 K. 
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-f-Mfn 
High Temperature Oxidation Beliaviour of 
CeOz and LaiOs Modified Aluminide Coatings 
on l^ ild Steel. 
2.1 Introduction 
The oxidation resistance of high temperature alloys is achieved both by 
lowering the oxidation rate and by improving the adherence of scales. The 
adherence of scale is very important in service conditions where alloys are 
subjected to thermal cycles of heating and cooling. To improve the adherence 
of protective oxide scales to the substrate the attempts have largely centred 
on the rare-earth (RE) effect. It is well known that the presence of small 
percentage of active elements (especially rare-earth elements) has a 
beneficial effect on the properties of these protective scales [1,2]. The weight 
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gain resulting from oxidation is decreased, and the protective scale 
adherence is increased, whicin strongly enhance the alloy life-time. Many 
detailed investigations have been carried out to determine the different 
aspects of the 'Vare earth effect", and several assumptions have been 
proposed [3-10], In general, a decrease in the oxidation rate and 
improvement in the adherence of scales is due to the prevention of void 
formation at the alloy-oxide interface and to the keying on structure of scales. 
The addition of reactive elements also reduces the segregation of impurities 
at the oxide-alloy interface, which otherwise degrades the adherence of oxide 
scale. 
Historically, aluminides were the first coatings used to protect turbine 
hot components against high temperature oxidation. A fairly large amount of 
data on the high temperature performance of aluminide and related coatings 
on Ni-based superalloys is available in the literature [11]. In general, the 
aluminide coatings offer good oxidation resistance, which is further improved 
either by increasing the coating thickness or by modifying with suitable 
elements. In recent years, aluminide coatings have drawn renewed interest 
due to the need for protecting refractory metal alloys, such as Ti-AI alloys or 
Nb-base alloys, which are being qualified for structural components in 
aeroengines and for re-entry shields in space shuttles. Streiff [12] in a recent 
paper has reviewed the status of aluminide coatings on superalloys and on Ti-
alloys and concluded that substrate Hf addition might be the way to 
economical oxidation resistance in future. 
The work presented In this chapter describes the results of an 
investigation carried out to study the oxidation behaviour of Ce02 and La203 
modified aluminide coatings on mild steel in the temperature range of 700-
900°C. 
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2.2 Experimental 
2.2.1 Alloy used 
Commercially acquired mild steel (C;0.20, Si:0.15, S:0.03, rest Fe) was 
taken as substrate alloy. Steel specimens, 20x8x1 mm in size, were cut from 
sheet of mild steel and were used for coating purposes. 
2.2.2 Chemicals used 
Al metal powder, AI2O3 and NH4CI were all reagent grade BDfH 
products. Rare-earth oxides, CeOz and 13263, were spectroscopically pure 
chemicals (John l^ lathew Products). 
2.2.3 Specimen preparation 
A 0.4 mm suspension hole was made near the middle of one end of 
the specimen. The specimens were sequentially abraded on 180, 320, 500 
and 600 grit SiC papers using a motor driven disc polisher. The specimens 
were then washed and degreased by CCI4 and alcohol. 
2.2.4 Apparatus used for kinetic studies 
The Kinetic studies were carried out on a hot stage Sartorius electronic 
microbalance (Model 4410-MP8; sensitivity, 1 ^g) attached with a pen ink 
recorder. The specimen was suspended to the right pan of the balance 
through a quartz fibre, with a platinum loop at the end. After the balance has 
been poised, the hot furnace (set at the desired temperature) was raised 
around the sample and the oxidation commenced. 
2.2.5 Coating preparation 
2.2.5.1 Aluminide coating 
The aluminide coating was prepared by pack cementation process. 
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Polished mild steel strips were kept completely covered in a bed of 
homogeneous coating mixture containing 65% Al metal powder, 34% AI2O3 
and 1% NH4CI (by weight) in silica boats. The silica boats were placed in a 
muffle furnace maintained at about 650°C and heated for 1 hour in an inert 
atmosphere and finally cooled in the furnace. An extremely adherent, thin 
(thickness ~ 60 i^ m) dark coating was formed on the mild steel specimens. 
2.2.5.2 Ce02 and LaiOa modified aluminide coatings 
Aluminide coating-containing varying amounts of rare-earth oxides e.g. 
0.5%, 1.0% and 1.5% (by weight) were prepared. The method of application 
and heat treatment were similar to those used for aluminide coating. 
2.2.6 Oxidation kinetics 
The oxidation studies were carried out at temperature 700, 800 and 
900°C in a slow current of air using a hot stage Sartorius electronic 
microbalance. The oxidation runs were of usually 24 hour durations. 
2.2.7 Metallorgraphic studies 
A computerized Leitz photometallurgical microscope (Metallux 2) was 
used for metallorgraphic studies. The specimens were mounted in paper 
moulds using Araldite as a cold setting resin. The specimens were abraded on 
180,320,500 and 600 grit SIC papers, respactively. The abraded specimen 
were then polished sequentially on a moter driven disc polisher using 40|i, 811 
and 6ix grade diamond paste. In order to avoid dissolution of water soluble 
inorganic compounds present in the scales, kerosine oil was used as a lapping 
liquid during the entire polishing operation. Polished specimens were washed 
with alcohol or acetone and finally cleaned with a sylvit cloth. The polished 
specimens were then etched with 1% Nital or 10% acidic ferric chloride 
solution. In most cases, repeated alternate operations of polishing and 
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etching gave satisfactory results. The polished and etched specimens were 
examined under the microscope and relevant portions were photographed 
using a 35 mm camera attached with the microscope. 
2.2.8 Scanning electron microscopic (SEM) studies 
SEM studies were carried out using a Philips 505 electron microscope. 
Polished specimens were coated with colloidal gold emulsion using a Polaron 
sputter coating unit and their structures were examined through the 
microscope. The desired regions of scales and substrate were photographed 
at an appropriate magnification. (Courtesy: Birbal Sahni Institute of 
Palaeobotany, Lucknow.). 
2.2.9 X-ray diffraction (XRD) studies 
The constituents present in the coating or the scales of the corroded 
alloys were identified by X-ray diffraction analysis, using a Philips X-ray 
diffractometer model APD 1700 with Cu Ka/Co Ka/Fe Ka targets and 
appropriate filters. (Courtesy: Corrosion Research Centre, SWCC, Al-Jubail, 
KSA). Table 2.1 lists the constituents present in the matrix and scales of 
aluminide and CeOz (1.5 wt. %) and LazOs (1.5 wt. %) containing aluminide 
coatings on mild steel at 800°C. 
2.3 Results 
2.3.1 Oxidation kinetics 
Figures 2.1 - 2.9 show weight gain vs time plots for the oxidation of 
aluminide coating on mild steel in presence of varying concentration of Ce02 
and LazOs at 700, 800 and 900°C in air. The weight gain vs time plots are 
parabolic as indicated by the linear nature of (weight gain)^ vs time plots 
(Figs. 2.10 - 2.18). Table 2.2 lists the values of parabolic rate constant, Kp, 
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for the oxidation of different coatings at 700, 800 and 900°C. A study of the 
weight gain vs time plots indicates that the oxidation rate of mild steel is 
considerably lowered in presence of aluminide coating. The oxidation rate is 
further lowered down in presence of CeOz and La203 in the aluminide 
coatings. The oxidation rate of both aluminide and rare-earth oxide modified 
aluminide coatings increases with increase in temperature. The effect of the 
concentration of rare-earth oxides on the oxidation rates of aluminide 
coatings is quite pronounced. In general, oxidation rate decreases with 
increase in the concentration of rare-earth oxides. At 800°C, the effect of 
CeOz and LazOs is more clearly pronounced and oxidation rates decrease 
considerably. However, at 900°C, except for the coating containing higher 
concentration of CeOz (1.5 weight %), both CeOz and LazOs modified 
aluminide coatings show slightly higher oxidation rates. 
Figures 2.19-2.20 show Arrhenium plots (log Kp vs 1/T) for the 
oxidation of coated alloys in presence of rare-earth oxides. In most of the 
cases the law is followed. The values of activation energies for the oxidation 
of aluminide coatings in presence of varying concentration of CeOz and LazOs 
are listed in table 2.3. 
2.3.2 Morphological studies 
2.3.2.1 Surface morphology 
Figures 2.21 - 2.24 show some typical photomicrographs of surface 
structure of uncoated and coated specimens as examined under optical and 
scanning microscope. In case of pure aluminide coatings on mild steel 
presence of 2-phases namely, intermetallic FeAl (dark grey) and AI2O3 
(whitish grey) in a grey matrix of iron oxide is indicated (Fig. 2.22). In case of 
rare-earth oxide containing aluminide coatings, rare-earth oxide either 
appears as single phase (light grey) or in combination with Fe-Ai spinel. 
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Figure 2.23 shows optical photomicrograpli of the surface of aluminide 
coating containing 1.5 weight percent CeOz. Three phases, namely, FeAl 
(dark grey), AI2O3 (whitish grey) and CeOz (light grey) are distinct. The 
distribution of phases seems to be fairly uniform. A similar three phase 
structure is exhibited by the surface optical photomicrograph of LazOs (1.5 
weight %) containing aluminide coating (Fig. 2.24). The addition of rare-
earth oxide appears to produce coalescence in the grain structure and by and 
large the microstructures are similar. 
2.3.2.2 Scale morphology 
Figures 2.25 - 2.27 show some representative photomicrographs of a 
cross-section of aluminide coating on mild steel oxidized in the temperature 
range of 700-900°C. Figure 2.25 shows a scanning electron micrograph of a 
cross-section of aluminide coating on mild steel oxidized at 700°C. 
Multilayered scales are formed which seems to be reasonably adhered to the 
alloy substrate. The inner scales consist of AI2O3 admixed with FeO (FeAl204) 
and the outer scales are mainly comprised of FezOs. At 900°C, the attack is 
quite severe due to oxidation and presence of aluminide coating on mild steel 
does not seem to have beneficial effect. The inner most scale consists of 
adherent AI2O3 followed by much thicker scales of iron oxides. A clear 
cleavage in the scales is evident from the micrograph (Fig. 2.27). 
Figures 2.28-2.34 show some typical photomicrographs of a cross-
section of Ce02 and LazOs containing aluminide coating on mild steel. At 700 
and 800°C, relatively thin scales are formed adjacent to alloy interface. The 
scales are quite adherent, the inner AI2O3 scales are intact and linked with the 
outer Fe203 scales by peg or ridges provided by Ce02 or La203. The inner and 
outer scales are generally continuous and compact but. In some cases, gaps 
are formed at the alloy/scale interface due to decarburization during 
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oxidation. However, in coatings containing higher concentration of rare-earth 
oxides (1.5 wt. %) there is significant reduction In the gaps in the structures 
of the oxidized alloys perhaps due to reduction In the decarburization. Figure 
2.29 shows an optical photomicrograph of aluminide coating containing 1.5 
wt. % CeOz oxidized at 800°C. The scales are quite compact and adherent. 
The Inner scales contains AI2O3 followed by thick Iron oxide scales. At the 
alloy/scale interface there is enrichment of dark FeAl spinel. The Ce02 particle 
are dispersed throughout the scales. At 900°C, the coating is oxidized to a 
greater extent leaving a thick oxide scale. In some cases the scales are 
porous and are separated from the alloy substrate, this can be attributed to 
the decarburization during oxidation and the stress arising due to the 
difference In the thermal contraction of alloy and oxide scales. 
2.4 Discussion 
The oxidation rates of mild steel are significantly lowered down In the 
presence of both bare aluminide coating as well as Ce02 and La203 -
containing aluminide coatings in the temperature range of 700-900°C. The 
oxidation resistance of coated mild steel can be discussed on the basis of a 
decrease In oxidation rates as well as adherence of oxide scales. The 
oxidation of coated alloys predominantly proceeds by a diffusion controlled 
mechanism as indicated by the linearity of (weight gain)^ vs time plots. The 
oxide scales are formed by the outward diffusion of cations (Fe ). This 
results In the formation of voids at the scale/alloy Interface and the 
adherence of scale Is degraded. As Ce02 and La203 are fast oxide ion 
•conductor, their presence in the coatings may result in high diffusivity of 
oxide Ions through them. This may enhance the inward diffusion of oxygen. 
The Inward diffusion of oxygen Improves the adherence of scale by 
suppressing the formation of voids at the scale/alloy interface. Further, the 
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presence of Ce02 and 13263 in the coatings causes rapid formation of a 
continuous layer of alumina which blocks the outward diffusion of iron ions to 
the outer scale. This results In significant reduction in weight gains or 
lowering in oxidation rates. 
A study of the photomicrographs indicates that at lower temperature, 
the oxide scales formed on the aluminlde coating are uniform, compact and 
well adhered. At 800°C the scales are,; relatively thicker but reasonably 
adhered to the substrate. The presence of rare-earth oxides further improves 
the adherence of oxide scale by producing a keying-on structure. At 900°C, 
highly porous scales are formed and scales appear to be separated from the 
substrate. There is an increase in the values of parabolic rate constant, Kp, 
with rise in temperature from 700 to 900°C. In carbon steel the presence of 
aluminlde coatings and addition of Ce02 and 13263 would have warranted 
lower oxidation rates at all the three temperatures, but decarburization during 
oxidation results in evolution of CO/CO2 which disrupt otherwise protective 
scales [13]. As a result, fresh alloy is exposed to air and alloy oxidizes at a 
faster rate. An increase in oxidation rate with increasing temperature may 
also be due to the oxide spalling caused by the stress arising from the 
difference between the thermal contraction of the alloy and that of the oxide 
scales. The photomicrographs show clear evidence of oxide spalling and scale 
cleavage. However, at higher concentration of rare-earth oxides, the effect of 
decarburization or oxide spalling appears to be minimal, the effect of rare-
earth oxide addition is more clearly pronounced and oxidation rates are 
significantly lowered down. The potent role of small rare-earth oxide addition 
(superficial application) in improving the oxidation resistance of heat resisting 
alloy has been dealt in detail by several investigators [7,14-15]. 
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Table 2.1 
Different constituents identified in the aluminide coatings containing 
1.5% RE2O3 under unoxidized and oxidized conditions at 800°C. 
System 
Aluminide 
Aluminide + CeOz (1.5 wt . % ) 
Aluminide + LazOa (1.5 wt . % ) 
Unox id ized 
AI2O3, FeAI 
AI2O3, CeOz, FeAI 
AIZOB, LazOs, FeA! 
Oxidized 
AI2O3, FeO, Fe203, 
FesO*, FeAIzO* 
AI2O3, FeO, Ce02, 
Fe203 
Ai203, Fe203,La203, 
Fe304 
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Table 2.2 
Value of parabolic rate constant Kpi and Kp2 (g^cmV^) of pure aluminide 
coating and rare-earth oxide containing aluminide coatings on mild steel in 
the temperature range of 700-900°C 
Coatings 
Aluminide 
Aluminide + CeOz (0.5% by wt.) 
Aluminide + CeO2(1.0% by wt.) 
Aluminide + Ce02(1.5°/o by wt.) 
Aluminide + LazOa (0.5% by wt.) 
Aluminide + La2O3(1.0% by wt.) 
Aluminide + La203(1.5% by wt.) 
Kp^ (g'cm"*s-^) 10"° 
700°C 
0.29 
0.13 
0.87 
0.16 
0.44 
0.34 
0.35 
800°C 
9.72 
2.94 
3.81 
3.47 
4.33 
5.55 
2.77 
900°C 
11.15 
10.63 
8.80 
6.02 
16.19 
14.35 
13.88 
Coatings 
Aluminide 
Aluminide + CeO2(0.5% by wt.) 
Aluminide + CeO2(1.0% by wt.) 
Aluminide + Ce02(1.5% by wt.) 
Aluminide + La203 (0.5% by wt.) 
Aluminide + 13263(1.0% by wt.) 
Aluminide + La203(1.5% by wt.) 
KPj ( g ' c m V ) 10'° 
700°C 
0.04 
0.04 
0.07 
0.01 
0.07 
0.07 
800°C 
1.29 
1.15 
0.56 
0.79 
1.38 
900°C 
1.38 
3.00 
1.26 
1.24 
3.08 
1.41 
4.62 
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Table 2.3 
Activation energies for the oxidation of pure aluminide and rare-eartli 
oxide containing aluminide coatings. 
a 
Coatings 
Pure aluminide 
Aluminide + Ce02 (1.5% by wt.) 
Aluminide + Ce02 (1.0% by wt.) 
Aluminide + CeOz (0.5% by wt.) 
Aluminide + LajOa (1.5% by wt.) 
Aluminide + LazOa (1.0% by wt.) 
Aluminide + LazOs (0.5% by wt.) 
Activation energy 
[O mol"^ 
321.7 
178.1 
99.6 
235.5 
199.1 
233.6 
352.3 
b 
Coatings 
Pure aluminide 
Aluminide + CeOz (1.5% by wt.) 
Aluminide + CeOj (1.0% by wt.) 
Aluminide + CeOj (0.5% by wt.) 
Aluminide + LajOs (1.5% by wt.) 
Aluminide + LazOa (1.0% by wt.) 
Aluminide + LazOs (0.5% by wt.) 
Activation energy 
kJ mor^ 
291.8 
344.6 
131.3 
241.9 
141.1 
311.4 
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Fig. 2.1 Weight gain vs time plots of alumlnide coating containing 
0.5 weight % rare-earth oxide, oxidized at 700°C. 
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Fig. 2.2 Weight gain vs time plots of aluminide coating containing 
1.0 weight % rare-earth oxide, oxidized at 700°C. 
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Fig. 2.3 Weight gain vs time plots of aluminide coating containing 
1.5 weiglit % rare-eartii oxide, oxidized at 700°C. 
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Fig. 2.4 Weight gain vs time plots of aluminide coating containing 
0.5 weight % rare-earth oxide, oxidized at 800°C. 
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Fig. 2.5 Weight gain vs time plots of aluminide coating containing 
1.0 weight % rare-earth oxide, oxidized at 800°C. 
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Fig. 2.6 Weight gain vs time plots of aluminide coating containing 
1.5 weigint % rare-earth oxide, oxidized at 800°C 
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Fig. 2.7 Weight gain vs time plots of aluminide coating containing 
0.5 weight % rare-earth oxide, oxidized at 900°C. 
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Fig. 2.8 Weight gain vs time plots of aluminide coating containing 
1.0 weight % rare-earth oxide, oxidized at 900°C. 
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containing 0.5 weight % rare-earth oxide, oxidized at 
700°C. 
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Fig. 2.12 (Weight gain)^, vs time plots of aluminide coating 
containing 1.5 weight % rare-earth oxide, oxidized at 
700°C. 
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Fig. 2.13 (Weight gain)^ vs time plots of aluminide coating 
containing 0.5 weight % rare-earth oxide, oxidized at 
800°C. 
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Fig. 2.14 (Weight gain)^ vs time plots of aluminide coating 
containing 1.0 weiglit % rare-earth oxide, oxidized at 
800°C. 
Aluminide O Aluminide + CeOi Aluminide + LaaOs 
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Fig. 2.15 (Weight galn)^ vs time plots of aluminide coating 
containing 1.5 weight % rare-earth oxide, oxidized at 
800°C. 
• Aluminide O Aluminide + CeOi A Aluminide + LaaO.-? 
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Fig. 2.16 (Weight gain}^ vs time plots of alumlnlde coating 
containing 0.5 weight % rare-eartln oxide, oxidized at 
900°C. 
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Fig. 2.17 (Weight gain)^ vs time plots of aluminide coating 
containing 1.0 weight % rare-earth oxide, oxidized at 
900°C. 
• Aluminide O Aluminide + Ce02 A Aluminide + La203 
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Fig. 2.18 (Weight gain)^ vs time plots of aluminide coating 
containing 1.5 weight % rare-earth oxide, oxidized at 
900°C, 
• Aluminide O Aluminide + Ce02 • Aluminide + La?03 
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Fig. 2.19 Arrehinium plots (log Kp2 vs 1/T) for the oxidation of 
aluminide coating containing different concentrations of 
rare-earth oxide. 
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Fig. 2.21 Optical photomicrograph of uncoated mild steel (625 x). 
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AhO 2Vi3 
{•JK-i^. * 
Fig. 2.22 SEN picture of pure aluminide surface coating on mild 
steel (1000 x). 
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Fig. 2.23 Optical photomicrograph of aluminide coating on mild 
steel containing 1.5 wt. % Ce02 (250 x). 
M'^ 
'^^ FeAl 
4 ; H < ^ 
La20 2 ^ 3 
AI2O 2«J3 
Fig. 2.24 Optical photomicrograph of aluminide coating on mild 
steel containing 1.5 wt. % La203 (150 x). 
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Fig. 2.25 SEM picture of aluminide coating on mild steel,oxidized at 
700°C (4000 X). 
Iron oxide 
AI2O3 
Fig. 2.26 SEM picture of aluminide coating on mild steel,oxidized at 
800°C (4500 X). 
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Fig. 2.27 SEM picture of aluminide coating on mild steel,oxidized at 
900°C (192 X). 
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Fig. 2.28 Optical photomicrograph of aluminide coating on mild 
steel containing 1.5 wt. % Ce02, oxidized at 700°C 
(125 X). 
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Fig. 2.29 Optical photomicrograph of aluminide coating on mild 
steel containing 1.5 wt. % Ce02, oxidized at 800°C 
(125 X). 
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—AI2O3 + CeO. 
Iron oxide 
Fig. 2.30 SEM picture of aluminide coating on mild steel containing 
1.5 wt. % Ce02, oxidized at 900°C (4500 x). 
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AI2O3 + Ce02 
Iron oxide 
Fig. 2 .31 Optical photomicrograph of aiuminide coating on mild 
steel containing 1.5 wt. % Ce02, oxidized at 900°C 
(125 X). 
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Fig. 2.32 SEM picture of aluminide coating on mild steel containing 
1.5 wt. % La203, oxidized at 700°C (8400 x). 
AI2O3 + LajOa 
Iron oxide 
Fig. 2.33 SEM picture of aluminide coating on mild steel containing 
1.5 wt. % La203, oxidized at 800°C (6500 x). 
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Fig. 2.34 SEM picture of aluminide coating on mild steel containing 
1.5 wt. % La203, oxidized at 900°C (6500 x). Scale only 
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Hot Corrosion Behaviour of Ce02 and 
La203 Modified Aluminide Coatings on 
l^ ild Steel 
3.1 Introduction 
In recent "ieaxs inorganic coatings on alloys have been extensively 
used to protect or reduce high temperature oxidation and hot corrosion. The 
investigation on high temperature oxidation and hot corrosion behaviour of 
phosphate, silicate, borate and silicate-chromate coatings on steel indicates 
that better oxidation resistance can be obtained upto 1000°C [1,2]. However, 
except silicate-chromate coatings [3], the coatings did not withstand 
aggressive attack from environment, containing ionic salts. The hot corrosion 
behaviour of mild steel coated with complex silicate in presence of Na2S04 
have been studied in the temperature range of 700-900°C [4]. It was 
observed that in ionic salt environments the coated alloys show much 
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superior performance than uncoated alloy upto 800°C. At and above 800°C, 
after an initial protective period, fluxing and sulfidation disrupt the protective 
coating resulting in rapid attack. 
An umpteen number of references are available dealing with the 
performance of aluminide coatings in high temperature corrosive 
environments. In general, aluminide coatings offer good oxidation resistance. 
However, in aggressive environments such as marine environments or low-
grade fuel environments, they suffer an accelerated attack called hot 
corrosion as a result of the fluxing of the protective alumina scale by molten 
salts. Despite the development of the MCrAlY class of overlay coatings, which 
were designed to withstand hot corrosion attack, aluminide coatings are still 
the most widely used high temperature protective coatings. Recent years 
have seen the perfecting of a number of aluminide coatings modified by 
additional elements such as noble metals, Cr, Ta and reactive elements etc. 
This has resulted in a marked improvement in the hot corrosion resistance. 
Rare-earth addition, as it is well known improves the protective 
properties of the coatings. In recent years considerable work has been 
reported on the influence of yttrium-addition on the high temperature 
oxidation and hot corrosion behaviour of aluminide coatings [5-9]. It has 
been shown that hot corrosion resistance of the aluminide coatings is greatly 
improved by the addition of yttrium. The initial oxidation and sulfidation of 
yttrium-free coating is more severe than that of the coating containing 
yttrium. Yttrium possesses high affinity to sulfur and oxygen and may act as 
a captor of sulfur and oxygen so as to form rather stable sulfide or oxide, and 
therefore the inward diffusion of sulfur and/or oxygen may be suppressed. In 
addition, as a result of the formation of very fine microstructures caused by 
addition of yttrium, the number of grain boundaries may be significantly 
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increased. This will greatly increase the number of short circuits for outward 
diffusion of the active elements such as yttrium and chromium etc. This will 
result in formation of a denser oxide scale whereby the preferential inward 
penetration rate of oxygen and/or sulfur would be retarded. The improved 
hot corrosion resistance of some rare-earth oxides modified aluminide 
coatings on supper alloys have recently been reported [10]. However, the 
role of rare-earth oxide addition on the hot corrosion behaviour of aluminide 
coatings on mild steel is perhaps yet to be systematically studied. 
The work presented in this chapter describes the results of an 
investigation carried out to study the Na2S04 induced hot corrosion behaviour 
of aluminide and Ce02 and LazOs-modified aluminide coatings on mild steel. 
3.2 Experimental 
3.2.1 Alloy used 
Commercially acquired mild steel (C:0.20, Si:0.15, S:0.03, rest Fe) was 
taken as substrate alloy. Steel specimens, 20x8x1 mm in size, were cut from 
sheet of mild steel and were used for coating purposes. 
3.2.2 Chemicals used 
Al metal powder, AI2O3, NH4CI and Na2S04 were all reagent grade BDH 
products. Rare-earth oxides, CeOz and LazOs, were spectroscopically pure 
chemicals (John Mathew Products). 
3.2.3 Specimen preparation 
A 0.4 mm suspension hole was made near the middle of one end of 
the specimen. The specimens were sequentially abraded on 180, 320, 500 
and 600 grit SiC papers using a motor driven disc polisher. The specimens 
were then washed and degreased by CCU and alcohol. 
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3.2.4 Apparatus used for kinetic studies 
The Kinetic studies were carried out on a hot stage Sartorius electronic 
microbalance (l^odel 4410-I^P8; sensitivity, 1 i^g) attached with a pen-ink 
recorder. The specimen was suspended to the right pan of the balance 
through a quartz fibre, with a platinum loop at the end. After the balance has 
been poised, the hot furnace (set at the desired temperature) was raised 
around the sample and the oxidation commenced. 
3.2.5 Coating preparation 
3.2.5.1 Aluminide coating 
The aluminide coating was prepared by pack cementation process. 
Polished mild steel strips were kept completely covered in a bed of 
homogeneous coating mixture containing 65% Al metal powder, 34% AI2O3 
and 1% NH4CI (by weight) in silica boats. The silica boats were placed in a 
muffle furnace maintained at about 650°C and heated for 1 hour in an inert 
atmosphere and finally cooled in the furnace. An extremely adherent, thin 
(thickness ~ 60 |im) dark coating was formed on the mild steel specimens. 
3.2.5.2 CeOi and LaaOs-modified aluminide coatings 
Aluminide coating-containing varying amounts of rare-earth oxides e.g. 
0.5%, 1.0% and 1.5% (by weight) were prepared. The method of application 
and heat treatment were similar to those used for aluminide coating. 
3.2.5.3 Sodium sulfate coating 
Pure aluminide, Ce02 (1.5% by weight) and LazOs (1.5% by weight) 
modified aluminide coated and uncoated mild steel specimens were uniformly 
coated with varying amount of Na2S04 e.g. ~1.5 mg/ cm ,^ ~2.5mg/cm^, 
~ 3.5mg/cm^ and ~ 5mg/cm^ The coating was prepared by spraying nearly 
saturated solution of Na2S04 on specimen pre-heated at about 300°C. The 
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spraying was continued till a uniform coating of Na2S04 covering all the faces 
of specimen was obtained. The salt coated specimens were dried and 
weighed before hot corrosion studies. 
3.2.6 Hot corrosion studies 
The hot corrosion studies of uncoated, aluminide and Ce02 and La203-
containing aluminide coated specimens were carried out under atmospheric 
pressure in presence of varying concentration of Na2S04 e.g., ~1.5 mg/cm^ 
r-2.5 mg/cm^ ~3.5 mg/cm^ and ~ 5mg/cm^ at 700, 800 and 900°C in limited 
supply of air. The corrosion runs were of 1,6,12 and 24 h durations. The salt 
coated specimens were placed in silica boats and transferred in a.horizontal 
tubular furnace maintained at the desired temperature. After completion of 
the run, the samples were taken out, cooled in a desiccator and weighed. 
3.2.7 Oxidation kinetics 
The oxidation runs were carried out on a Sartorius electronic 
microbalance. The coated and uncoated specimens were oxidized at 
temperatures 700, 800 and 900°C in a slow current of air for 24 h duration. 
3.2.8 Metallographic studies 
A computerized Leitz photometallurgical microscope (Metallux 2) was 
used for metallorgraphic studies. The specimens were mounted in paper 
moulds using Araldite as a cold setting resin. The specimens were abraded on 
180,320,500 and 600 grit SiC papers, respectively. The abraded specimens 
were then polished sequentially on a motor driven disc polisher using 40^,, 8ji 
and 6|a grade diamond paste. In order to avoid dissolution of water soluble 
inorganic compounds present in the scales, kerosine oil was used as a lapping 
liquid during the entire polishing operation. Polished specimens were washed 
with alcohol or acetone and finally cleaned with a sylivit cloth. The polished 
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specimens were then etched with 2% Nital or 10% acidic ferric chloride 
solution. In most cases, repeated alternate operations of polishing and 
etching gave satisfactory results. The polished and etched specimens were 
examined under the microscope and relevant portions were photographed 
using a 35 mm camera attached with the microscope. 
3.2.9 Scanning electron microscopic (SEM) studies 
SEi^  studies were carried out using a Philips 505 electron microscope. 
Polished specimens were coated with colloidal gold emulsion using a Polaron 
sputter coating unit and their structures were examined through the 
microscope. The desired regions of scales and substrate were photographed 
at an appropriate magnification. 
3.2.10 X-ray diffraction (XRD) studies 
The constituents present in the coatings or scales of corroded alloys 
(Table 3.1) were identified by X-ray diffraction analysis, using a Philips X-ray 
diffractometer, model APD 1700 with Cu Ka / Co Ka / Fe Ka targets and 
appropriate filters. 
3.3 Results 
3.3.1 Hot corrosion studies 
3.3.l.a Influence of salt 
The hot corrosion studies on coated and uncoated alloys were carried 
out in presence of varying concentration of Na2S04 at temperatures 700, 800 
and 900°C. Figures 3.1-3.8 show plots of weight gain vs amount of Na2S04 
deposited for uncoated mild steel, aluminide coating and Ce02 and La203-
modified aluminide coatings at 700, 800 and 900°C for 1,6,12 and 24 h, 
respectively. A study of the weight gain vs amount of Na2S04 deposited plots 
indicates mainly two types of behaviour. The first type shows no significant 
change in weight gain values with increasing amount of Na2S04. This 
behaviour is exhibited by both coated and uncoated steel at 700°C. The 
second type shows a decrease In the weight gain values with increasing 
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concentration of Na2S04. This type of behaviour is exhibited by plain mild 
steel and aluminide coating at 800 and 900°C. However, in case of CeOz and 
La203-modified aluminide coatings, there is no significant change In weight 
gain values on varying concentration of Na2S04. 
3.3.l.b Reaction kinetics 
Figures 3.9-3.12 show weight gain vs time plots for the plain mild 
steel, aluminide coating and CeOz and LazOs-containing aluminide coatings in 
presence of Smg/cm^ of Na2S04, at 700, 800 and 900°C. 
The kinetic plots show different behaviour at three temperatures. At 
700°C, after an initial gain in weight, there is little or no change in weight 
gain for both aluminide and rare-earth oxide containing aluminide. At 800°C, 
a parabolic rate followed by linear rate is noted for aluminide and rare-earth 
modified aluminide coatings. However, a linear rate is observed for uncoated 
mild steel at all the three temperatures i.e. 700, 800 and 900°C. The 
parabolic behaviour indicates the formation of protective oxide coating, the 
disruption of this coating results in oxidation of fresh metal at an accelerated 
rate as shown by a linear behaviour in kinetic curve. At 900°C, the protective 
coating remains intact only for a very short period and this is followed by the 
onset of catastrophic oxidation. The presence of rare-earth oxides has 
significantly lowered the oxidation rate at all the three temperatures i.e. 700, 
800 and 900°C. 
3.3.l.c Morphological studies 
Figure 3.13 shows an optical photomicrograph of a cross-section of 
mild steel specimen oxidized in presence of 3mg /cm^ of Na2S04 at 700°C. 
Multllayered scales are formed in which inner layer consists of FeO, followed 
by relatively thick Fe304 layer and outer most thin layer of Fe203. A discrete 
thick layer containing crystalloids of Na2S04 is distinct in the microstructure. 
Figures 3.14-3.15 show photomicrographs of Na2S04 coated mild steel 
76 
Chapter 3 
oxidized at 800°C. The multilayered tfnick scales contain FeS in tine outer 
layers, the middle layer contains NaFe02/Na2Fe02 and the inner layer 
contains FeO with inclusions of FeS. The X-ray diffraction analysis indicates 
the presence of the constituents Na2Fe02, NaFe02 and FeS in the Na2S04 
coated mild steel systems. Figures 3.16-3.19 show some typical 
photomicrographs of the cross-section of aluminide coated mild steel in 
presence of varying concentration of Na2S04 at different temperatures and 
time periods. In general, at 700°C, little hot corrosion attack is observed, the 
scales are relatively thin and adhered to the coating. At 800°C, considerable 
hot corrosion attack is observed, the scales are thicker but detached from the 
steel. Besides thicker sulfide scales, the inner scales contain mainly Na2Fe02 
and / or NaFe02 along with NaAI02. The X-ray diffraction analysis reveals the 
presence of the above constituents. Figures 3.20-3.29 show some typical 
photomicrographs of the cross-section of Ce02 and 13263 containing 
aluminide coatings in presence of varying amounts of Na2S04 at different 
temperatures and time periods. In general, the scales formed are denser, 
uniform and adherent; rare-earth oxide particles are dispersed throughout 
the scale. At higher temperatures (800 and 900°C), a cleavage of alloy/scale 
interface is formed due to decarburization although this cleavage is filled by 
rare-earth oxides at some places. 
3.4 Discussion 
The weight gain vs amount of Na2S04 deposited and weight gain vs 
time plots provide some useful informations regarding the hot corrosion 
behaviour of aluminide and rare-earth oxide containing aluminide coating on 
mild steel in the temperature range of 700-900°C. At 700°C, there is 
manifestation of little or no attack on both coated and uncoated alloys and 
coatings by and large remain intact. It appears that at this temperature the 
amount of Na2S04 deposited is not an important parameter and it does not 
have a significant effect on the l3ot"coj:r6sio'a''.of both coated and uncoated 
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Steel. This could be attributed to the absence of complete interaction 
between Na2S04 and protective multioxide scales already present on the 
steel. After initial oxide formation (responsible for weight gain) Na2S04 seems 
to act as a barrier layer and practically there is no change in weight gain with 
increasing [Ma2S04 concentration. At 800 and 900°C, the attack is quite 
appreciable and there is a marked increase in weight gain values with 
increasing exposure period. The high corrosion rate at 800°C and above is 
attributed to the growth of oxides, appearance of sulfides in the inner region 
of scale and to more efficient scale fluxing. Na2S04 attack the multioxide 
scales already present on both coated and uncoated mild steel. Initially, 
Na2S04 thermally decomposes to Na20 and subsequently releases 
S02/S03(g). 
Na2S04 ^ Na20 + SO2 + 1/2 O2 3.1 
Na2S04 ^ Na20 + SO3 3.2 
Na2S04 ^ Na20 + S + 3/2 O2 3.3 
The Na20 formed may dissolve metal oxides to give non- protective 
sodium metal oxide. 
Na20 + Fe203 -> 2NaFe02 3.4 
Na20 + FeO ^ Na2Fe02 3.5 
Na20+Al203^ 2NaAI02 3.6 
The above reactions (3.4-3.6) are possible at high oxygen (or low 
sulfur) activity. A high oxygen activity at the salt/scale interface causes the 
formation of sodium metal oxides at salt/scale interface. S02/S03(g) may 
diffuse through the oxide scale and enhance the sulfur activity at the 
scale/alloy interface leading to the formation of sulfide at the inner region of 
scale. Na2S04(^) and/or S(£) may also penetrate into the alloy causing some 
sulfidation in the vicinity of alloy/scale interface. Consumption of oxygen by 
FeO at the salt/scale interface may also result in lower oxygen activity and 
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consequently sulfide may also be formed in the outermost layers. Tine hot 
corrosion reactions are more pronounced at 900°C as is evident from weight 
gain vs time measurements and microstructural studies. The plots of weight 
gain vs amount of Na2S04 deposited for plain mild steel and aluminide coating 
indicate that, at 700°C, corrosion rates are independent of Na2S04 deposition. 
However, at 800 and 900°C, there is a decrease in weight gain values with 
increasing Na2S04 concentration. A decrease in the weight gain values with 
increasing Na^ SO-^  concentration is presumably due to the expulsion of S-
oxide gases which are formed during thermal decomposition of Na2S04. 
Spalling of oxide scales probably due to decarburization and/or thermal 
stresses and subsequent expulsion of C02/C0(g) may also account for the 
decrease in weight gain values with increasing Na2S04 deposition. In case of 
Ce02 and La203-modified aluminide coatings, there is no appreciable change 
in weight gain values with increasing Na2S04 concentration at a particular 
temperature. However, weight gain increases with increasing exposure period 
and increasing temperature. 
An analysis of results from oxidation/hot corrosion plots indicate that 
pure aluminide coatings show better corrosion resistance than plain mild steel 
at 700°C. At 800 and 900°C, aluminide coatings show higher weight gains. It 
could be attributed to the fluxing of protective alumina and increased 
formation of sulfide at the inner region of scale. The addition of Ce02 and 
La203 in the coatings has significantly improved the hot corrosion 
performance of aluminide coatings. This is presumably due to the presence of 
rare-earth oxides in the grain boundaries of AI2O3 and boundaries between 
the AI2O3 and FeAl spinels, which effectively prohibit the fast diffusion of 
oxidants (such as sulfur and oxygen) and aluminium along grain boundaries. 
Consequently, it may induce slow diffusion through the matrix, preventing 
internal sulfidation and oxidation and thus increasing hot corrosion resistance 
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subsequently. The improved hot corrosion resistance of superalloys by rare-
earth oxide addition has already been reported [10,11]-
The results from metallographic studies indicate that at lower 
temperature the scales are relatively thin and adhered to the coatings. There 
is very limited attack on the grain boundaries. At higher temperature, besides 
thicker oxide scales formation, the grain boundaries are also affected by 
Na2S04 attack. The scales are detached from the steel due to evolution of 
C0/C02(g) which exert stress on the already fragile scale. As a result of 
dismemberment of scales, fresh alloy is exposed to the oxidants and alloy 
oxidises at a faster rate. 
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Table 3.1 
The constituents present in tlie uncoated and coated mild steel^oxidized 
in presence of ~5mg/cm^ of Na2S04, as identified by XRD. 
System 
Mild Steel 
Aluminide coating 
Aluminide coating + 
CeOa (1.5 wt.o/o) 
Aluminide coating + 
LazOs (1.5 wt.o/o) 
Duration of 
oxidation (hours) 
24 
12 
12 
12 
Temperature 
800 
800 
800 
800 
Constituents 
FezOs, FeaO*, 
FeO, NaFe02, 
Na2Fe02, FeS, 
Na2S04 
Na2S04, FeAl204/ 
NaAIOi NaiFeOa, 
FeS 
Na2S04, FeS, 
Na2Fe02, 
FeAl204, Ce02, 
AI2O3 
Na2S04, FeS, 
LazOa, FeAl204/ 
AI2O3, FezOa 
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Plots of weight gain vs amount of Na2S04 deposited for 
uncoated mild steel and aluminide coating at 700, 800 and 
900°C for 1 hour. 
Plain mild steel O 700°C, D 800°C, V 900°C 
Aluminide • 700°C, • 800°C, T 900°C, 
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Fig. 3.2 Plots of weight gain vs amount of Na2S04 deposited for 
Ce02 and LazOs containing aluminide coatings at 700, 800 
and 900°C for 1 hour. 
Aluminide + CeOz (1.5 wt.%) O 700°C, B 800°C, V 900°C 
Aluminide + LazOaCl.5 wt.%) O 700°C, C 800°C, V 900°C 
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Fig. 3.3 Plots of weight gain vs amount of Na2S04 deposited for 
uncoated mild steel and alumlnide coating at 700, 800 and 
900°C for 6 hours. 
Plain mild steel O 700°C, D 800°C, V 900°C 
• 700°C, Aluminide SOO^C, T 900''C, 
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Fig. 3.4 Plots of weight gain vs amount of Na2S04 deposited for 
Ce02 and LazOa containing aluminide coatings at 700, 800 
and 900°C for 6 hours. 
Aluminide + CeOz (1.5 wt.%) 0 700°C, B 800°C, V 900°C 
Aluminide + LazOjCl.S wt.%) C 700°C, E 800X V 900°C 
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Fig. 3.5 vPlots of weight gain vs amount of Na2S04 deposited for 
uncoated mild steel and aluminide coating at 700, 800 and 
9Q0°C for 12 hours. 
Plain mild steel O 700°C, D 800°C, V 900°C 
Aluminide • 700°C, • SOO^ C, T 900°C, 
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Fig. 3.6 Plots of weight gain vs amount of Na2S04 deposited for 
CeOz and 13263 containing aluminide coatings at 700, 800 
and 900°C for 12 hours. 
Aluminide + Ce02 (1.5 wt.%) © 700°C, H 800°C, V 900°C 
Aluminide + LazOaCl.S wt,%) O 700°C, C 800°C, V 900°C 
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Fig. 3.7 Plots of weight gain vs amount of Na2S04 deposited for 
uncoated mild steel and aluminide coating at 700, 800 and 
9G0°C for 24 hours. 
Plain mild steel O 700°C, D 800°C, V 900°C 
Aluminide • 700°C, • 800°C, T 900°C, 
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Fig. 3.8 Plots of weight gain vs amount of Na2S04 deposited for 
Ce02 and La203 containing aluminide coatings at 700, 800 
and 90G°C for 24 hours. 
Aluminide + CeOa (1.5 wt.%) © 700°C, Q 800°C, V 900°C 
Aluminide + LazOaCl.S wt.%) O 700°C, C 800°C, V 900°C 
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Fig. 3.9 Plots of weight gain vs time for plain mild steel in presence 
of 5 mg / cm^ Na2S04 at 700, 800 and 900°C. 
• 700°C O 800°C A. 900°C 
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Fig. 3.10 Plots of weight gain vs time for aluminide coating in 
presence of 5 mg / cm^ Na2S04 at 700, 800 and 900°C. 
• 700°C O 800°C • 900°C 
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Fig. 3 .11 Plots of weight gain vs time for aluminide coating 
containing CeOz (1.5 wt.%) in presence of 5 mg / cm^ 
Na2S04 at 700, 800 and 900°C. 
• 700°C O 800°C A 900°C 
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Fig. 3.12 Plots of weight gain vs time for aluminide coating 
containing LazOs (1.5 wt.%) In presence of 5 mg / cm^ 
Na2S04 at 700, 800 and 900°C. 
• 700°C O 800°C • 900°C 
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Fig. 3.13 Optical photomicrograph of uncoated mild steel, oxidized in 
presence of 3 mg/cm^ Na2S04 at 700°C. (125 x) 
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Fig. 3.14 Optical photomicrograph of uncoated mild steel, oxidized in 
presence of 3 mg/cm^ Na2S04 at 800°C. (125 x) 
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Fig. 3.15 SEM picture of uncoated mild steel, oxidized in presence of 
1.5 mg/cm^ Na2S04 at 800°C. (1000 x) 
Chapter 3 
Scale 
Coating 
Alloy 
Fig. 3.16 Optical photomicrograph of aluminide coated mild steel, 
oxidized in presence of 3 mg/cm^ Na2S04 at 700°C. (125 x) 
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Fig. 3.17 Optical photomicrograph of aluminide coated mild steel, 
oxidized in presence of 3 mg/cm^ Na2S04 at 800°C. (125 x) 
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Fig. 3.18 SEM picture of aluminide coated mild steel, oxidized in 
presence of 2 mg/cm^ Na2S04 at 800°C. (1000 x) 
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Fig. 3.19 SEM picture of aluminide coated mild steel, oxidized in 
presence of 3 mg/cm^ Na2S04 at 700°C. (5000 x) 
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(dispersion of CeOi) 
Na2S04 Crystalloids 
Fig. 3.20 Optical photomicrograph of aluminide containing Ce02 
(1.5 wt. %) coated mild steel, oxidized in presence of 
3mg/cm^ Na2S04 at 700°C. (125 x) 
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Fig. 3.21 Optical photomicrograph of aiuminide containing Ce02 
(1.5 wt. %) coated mild steel, oxidized in presence of 
3mg/cm^ Na2S04 at 800°C. (125 x) 
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Fig. 3.22 SEM picture of aluminide containing Ce02 (1.5 wt. %) 
coated mild steel, oxidized in presence of 2mg/cm^ Na2S04 
at800°C. (1000 X) 
Fig. 3.23 SEM picture of aluminide containing CeOz (1.5 wt. %) 
coated mild steel, oxidized in presence of 3mg/cm^ Na2S04 
at 700°C. (3100 x) 
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Fig. 3.24 SEM picture of aluminide containing Ce02 (1.5 wt. %) 
coated mild steel, oxidized in presence of 3mg/cm^ Na2S04 
at800°C. (150 X) 
Scale 
Alloy 
Fig. 3.25 SEM picture of aluminide containing CeO: (1.5 wt. %) 
coated mild steel, oxidized in presence of 2mg/cm^ NU2SO4 
at900°C. (960 X) 
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Fig. 3.26 Optical photomicrograph of aluminide containing La203 
(1.5 wt. %) coated mild steel, oxidized in presence of 
3mg/cm^ Na2S04 at 800°C. (125 x) 
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Fig. 3.27 SEM picture of aluminide containing La203 (1.5 wt. %) 
coated mild steel, oxidized in presence of 2mg/cm^ Na2S04 
at800°C. (1000 x) 
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Fig. 3.28 SEM picture of aluminide coating containing La203 
(1.5 wt. %), oxidized in presence of 3 mg/cm^ Na2S04 at 
700°C. (2400 x) 
f 
Alloy 
Scale 
Fig. 3.29 SEM picture of aluminide coating containing La203 
(1.5 wt. %), oxidized in presence of 3 mg/cm^ Na2S04 at 
900°C. (1550 x) 
studies on High Temperature Corrosion 
Reactions Involving Metal Oxides and 
Sodium Sulfate 
4.1 Introduction 
The high temperature oxidation resistance of alloys depends on the 
formation of a protective and adherent oxide layer on the metal surface. The 
oxide scale must be dense, homogeneous, pin hole free and stable as 
possible to constitute a good diffusion barrier. The most usual protective 
oxides are chromia and alumina [1], specially in environment containing 
sulfidizing species [2]. These oxides are generally formed by oxidation at high 
temperature of the corresponding elements initially present in the alloy. The 
Fe-, Ni- or Co-base alloys have an excellent high temperature oxidation 
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resistance. This is seriously affected when adhering protective scales are 
attacked by an electrolytic deposit. This electrolytic deposit reacts with 
normally protective oxide layers and gives way to an accelerated corrosion 
attack, known as hot corrosion. A wide variety of electrolytic deposits are 
known to cause hot corrosion, but Na2S04 has received greatest attention 
due to its involvement in actual engineering systems. Because of its high 
thermodynamic stability in the mutual presence of sodium and sulfur 
impurities in an oxidizing gas, Na2S04 is often found to be dominant salt in 
the deposit. 
Since the early 1970s considerable work has been reported on the 
influence of alloy additions on hot corrosion behviour of high temperature 
alloys. For example, Goebel et al. [3] examined hot corrosion of Ni-based 
alloys containing Cr, Al, Mo, W and V additions, Stringer [4] discussed it at 
length in an excellent review and Rapp et al. published a later review [5]. 
Many references are available dealing with the phenomenology of Na2S04-
induced hot corrosion attack, but our knowledge regarding the chemical 
reactions taking place between molten Na2S04 and the scales on the alloy 
consisting of slow growing oxides of Cr203/Al203/Si02 or the oxides of 
common alloying additions, which are usually present in the outer oxide 
layers, is rather limited. One of the factors that affects the oxidation 
resistance of protective oxide scales is their solubility in molten Na2S04. A 
review of literature on hot corrosion reveals that only the work carried out by 
Rapp and co-workers on the solubilities of metal oxides in molten Na2S04 
provide some information about metal oxide-Na2S04 reaction at high 
temperatures [6,7]. Information regarding the reaction between a pertinent 
oxide and Na2S04 and proper identification of reaction products should be 
useful in understanding the occurrence and importance of fluxing reactions, 
and thus in the interpretation of hot corrosion mechanism and in the 
development of new protective materials. The dissolution behaviour of metal 
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oxide is important in explaining the electrochemical mechanism of hot 
corrosion in which soluble metal species are involved. The results of a study 
of the high temperature interactions of some transition and non-transition 
metal oxides with Na2S04 in oxygen have recently been published [8-10]. 
One of the drawbacks of otherwise, excellent work was that the reaction was 
performed in pure 02(g) atmosphere and the influence of SO2/SO3 partial 
pressure on the reaction product was not considered. The work presented in 
this chapter contains the results of the studies concerning with reaction of 
metal oxides and Na2S04 in flowing S02(g) in the temperature range of 1100 
and 1200 K where hot corrosion reactions usually show optimization. In the 
present investigation studies have been carried out taking into consideration 
the effect of SO2 partial pressure. The oxides selected for the studies are 
present on the scales formed on Na2S04 or NaCI during the initiation stage of 
hot corrosion attack and react with Na2S04 or NaCI during the propagation 
stage by a fluxing reaction, 
4.2 Experimental 
4.2.1 Chemicals used 
NiO, CrzOs, Fe203 and AI2O3 were all analytical reagent grade products. 
Analytical grade Na2S04 and oxides of about 80 mesh size were dried in an 
oven at 200°C for about 48 hours. 
4.2.2 Preparation of the specimens 
Dried and powdered Na2S04 and metal oxide were mixed separately in 
1:2, 2:3, 1:1, 3:2 and 2:1 molar ratios of Na2S04 and oxide and were put in a 
die (diameter 1.4 cm) and pressed into compact tablets using a hydraulic 
press (Pressure: 10'' Kg m "^)-
84 
Chapter 4 
4.2.3 Oxidation studies 
The kinetics of tine reaction between Na2S04 and metal oxide was 
studied by monitoring weight change as a function of time at 1100 and 1200 
K in a stream of SO2 gas (purity 99.9%) using a hot stage Sartorius electronic 
microbalance. A 20 hour oxidation run was adequate to provide reaction 
products at steady state, which was indicated by a negligible change in 
weight for a considerable period of exposure time. 
To obtain a sufficient number of samples of the reaction products for a 
particular system, 3 silica boats, each containing compacts of the same ratio 
were placed in a horizontal furnace for oxidation under almost identical 
conditions. After completion of the oxidation, the compacts were taken out 
and quenched in air and weighed. Out of the three samples, one was 
mounted for morphological studies (XRD, metallography and SEM), the 
second for qualitative chemical analysis, conductivity and pH determination 
and the third was retained for quantitative determination of soluble metal 
species. 
4.2.4 X-ray diffraction studies 
The X-ray diffraction studies were carried out using a Philips X-ray 
diffractometer (Model PW1730 X-Ray generator with PW 1710 microprocessor 
and KSR 43 printer) with Cu Ka target and appropriate filter. (Courtesy: 
Geological survey of India, Lucknow). 
4.2.5 Metallographic studies 
Metallographic studies were carried out on a computerized Leitz photo-
metallurgical microscope (Metallux 2). The reaction products present in the 
form of compacts were mounted in paper moulds using Araldite as a cold 
setting resin. The mounted specimens were ground on 600 grit SiC paper 
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followed by polishing with 6[x diamond paste using kerosine as the lapping 
liquid. Appropriate etchants were used to identify the different phases in the 
microstructures. Table 4.1 lists the different etchants used in the 
metallographic studies. 
4.2.6 Scanning electron microscopic (SEM) 
studies 
SEM studies were performed using a Philips 505 electron microscope. 
Polished specimens were coated with colloidal gold emulsion and their 
structures were examined through the microscope. The desired portions of 
the microstructure of specimens were photographed at various 
magnifications. 
4.2.7 pH and conductivity measurements 
pH and conductivity of aqueous solution of the reaction products were 
measured using Elico CM 180 pH and conductivity meter. The compacts of 
reaction products were dissolved in demineralized water and pH and 
conductivity of the aqueous solution were measured simultaneously. 
4.2.8 Estimation of tlie soluble metals 
An atomic absorption spectrophotometer (model GBC 902) was 
used to determine the concentration of the different metals in the aqueous 
solution of the reaction products for Na2S04-metal oxide systems. The 
compacts of the reaction products were weighed and dissolved in fixed 
volume of demineralized water. The mixture was heated near to boiling 
followed by filtration through Whatman filter paper. The filtrate, with 
appropriate dilution, was used to determine the concentration of metals in 
the solution. Table 4.2 provides metal solubility data for Na2S04-metal oxide 
systems at 1100 and 1200K. 
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4.3 Results 
4.3.1 Thermogravimetric studies 
4.3.l.a Reaction (nineties 
Figures 4.1 to 4.4 represent the total weight change (in percent) 
versus time plots obtained during the reaction of 1:1 mixture of metal oxide 
and Na2S04 at 1100 and 1200 K. The salient features of the results from 
reaction kinetics for the different metal oxide-Na2S04 systems are given as 
follows. 
NiO-Na2S04 system (vide Fig. 4.1) 
At 1100 and 1200 K, after a small weight loss during the initial stages 
of reaction, there is rapid weight gain up to 6 hours followed by a decrease in 
weight gain values upto 10 or 12 hours with no further change in weight gain 
on exposure to SO2. The net change in weight after 20 hours of heating Is 
weight gain at both 1100 and 1200 K. However, the final weight gain at 1200 
K is less in comparison to the final weight gain at 1100 K. 
Cr203-Na2S04 system (vide Fig. 4.2) 
The system at 1100 K shows no significant weight change up to 6 
hours. After time period extending 6 hours there is a rapid weight gain upto 
12 hours. There is no significant change in weight after time periods 
extending 12 hours. The net change in weight during reaction is a weight 
gain. At 1200 K, after an initial small weight loss, there is no significant 
change in weight upto time periods extending 20 hours. However, the net 
change in weight is weight loss. 
Fe203-Na2S04 system (vide Fig. 4.3) 
At 1100 K, after an initial weight loss, the system shows a rapid gain in 
weight upto 9 hours. No further change in weight is observed after time 
period extending 9 hours. At 1200K, after an initial weight loss during the 
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early period of interaction, there is an increase in weight gain values upto 8 
hours with no further change in weight upto 20 hours. The net weight change 
is weight gain at both 1100 and 1200 K. 
Al203-Na2S04 system (vide Fig. 4.4) 
The system at 1100 K shows a rapid weight loss upto 2 hours followed 
by a weight gain upto 6 hours. After time period extending 6 hours of heating 
there is further decrease in weight gain values upto 12 hours. The net change 
in weight after 20 hours of heating is weight loss. At 1200 K, a similar 
behaviour is noticed. 
4.3.1.b Influence of salt 
Figures 4.5-4.8 show plots of percent total weight change at steady 
state versus mole fraction of Na2S04 in the mixture of Na2S04 and metal 
oxide. The total weight change represents the final reading recorded after 
heating for 20 hours a mixture of Na2S04 and metal oxide of known 
composition in SO2 (g) at 1100 and 1200 K. No further change in weight was 
observed after 20 hours. The results of the study of weight change versus 
mole fraction of Na2S04 for different metal oxide-Na2S04 system can by 
generalized as follows. 
NiO-Na2S04 system 
The reaction of NiO with Na2S04 at 1100 and 1200 K results in net 
weight gain. There is a decrease in the weight gain values with increasing 
amount of Na2S04 till a minimum is obtained at 0.5 or 0.6 mole fraction of 
Na2S04, followed by an increase in weight gain values (Fig. 4.5). 
Cr203-Na2S04 system 
The reaction of Cr203 with Na2S04 at 1100 and 1200 K results in net 
weight loss at lower concentration of Na2S04 and net weight gain at higher 
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concentration of Na2S04. There is a decrease in weight loss (or increase in 
weight gain) values with increasing Na2S04 till a maximum is noticed followed 
by a decrease in the weight gain values on further addition of Na2S04 (Fig. 
4.6). 
Fe203-Na2S04 system 
The high temperature reactions of FeaOs and Na2S04 show almost a 
similar behaviour to that of Cr203 - Na2S04 system (Fig. 4.7). 
Al203-Na2S04 system 
The reaction of AI2O3 with Na2S04 at high temperature results in net 
weight loss. There is a decrease in the weight loss values with increasing 
amount of Na2S04 till a minimum is obtained followed by an increase in 
weight loss values with further increase in the concentration of Na2S04. (Fig. 
4.8). 
4.3.2 Variation in pH 
The pH of the aqueous solutions of Na2S04-metal oxide reaction 
products was measured at room temperature. Figure 4.9 represents plots 
showing variation in pH of the aqueous solution of the reaction products with 
variation in the amount of Na2S04 in the reaction mixture. A study of the pH 
vs mole fraction of Na2S04 plots indicate thai solutions are acidic at both the 
temperature i.e. 1100 and 1200 K. Except for Na2S04-Al203 system, which 
shows no significant change in the pH value with increasing Na2S04 
concentration, all other systems show a distinct maxima at 0.5 or 0.6 mole 
fraction of Na2S04 in the curves. There is a decrease in the acidic character of 
solutions with increasing Na2S04 concentration till a maxima is obtained 
followed by an increase in acidic character with further increase in Na2S04 
concentration. 
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4.3.3 Variation in conductance 
The conductance of the aqueous solutions of Na2S04-metal oxide 
reaction products was measured and variation in conductance with varying 
amount of Na2S04 were noted. Figure 4.10 shows variation in conductance of 
the aqueous solutions of the reaction products with .varying Na2S04 
concentration. A study of the conductance versus mole fraction of Na2S04 
curve indicates mainly two types of behaviour. The first shows a continuous 
increase in conductance with increasing Na2S04 concentration and include 
NiO-Na2S04 (1200K), Cr203-Na2S04 (1200K) and Al203-Na2S04 (1200K). The 
second shows an increase in conductance with increasing Na2S04 
concentration till a maximum is noticed followed by a decrease in 
conductance with further increase in Na2S04 concentration and include NiO-
Na2S04 (HOOK), Cr203-Na2S04 (HOOK) and Al203-Na2S04 (HOOK). System 
Fe203-Na2S04 (1100 and 1200K) shows distinct break in conductance curves 
at 0.5 and 0.6 mole fractions of Na2S04. 
4.3.4 X-ray diffraction analysis 
Table 4.3 lists the different constituents as identified in the reaction 
products of metal oxides and Na2S04 at 1100 and 1200 K by X-ray diffraction 
analysis. 
4.3.5 Metallographic and SEM studies 
Figures 4.11-4.14 show some representative photomicrographs of 
mounted reaction products. The salient features of the results from 
metallographic studies for the different metal oxide-Na2S04 systems are 
generalized as follows; 
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NiO-Na2S04 system 
The photomicrographs of the reaction products show a multiphase 
structure (Fig. 4.11). NiO or Na2S04 appears as whitish grey, NiS as dark grey 
and NaNiOz as light grey. The crystalloids of NiS seem to be cooled from 
liquid state and spheriodized. They are embedded between NiO and NaNi02 
grains. 
Cr203-Na2S04 system 
Figure 4.12 shows photomicrographs of the reaction products at 1100 
and 1200 K. A 3-phase structure is evident. At 1:1 molar ratio of Cr203 and 
Na2S04, the reaction product represents a matrix of Cr203 containing 
crystalloid of Na2S04 and CrS. At HOOK, A light grey phase presumably 
represents Na2Cr04. 
Fe203-Na2S04 system 
At 1100 and 1200K, the presence of multi-phase structure comprising 
of FeS (dark grey), Na2S04 (whitish grey) and NaFe02 (light grey) is indicated 
by the photomicrographs. A very dark phase presumably represents Fe2(S04)3 
which is admixed with light grey constituent NaFe02 (Fig. 4.13a). The 
micrograph also shows dispersion of white phase, which is presumably, Fe203 
precipitated from NaFe02 during cooling (Fig. 4.13b). 
Al203-Na2S04 system 
The photomicrographs show the presence of two constituents in the 
reaction products namely, AI2S3 (dark grey) and AI2O3 and/or Na2S04 (whitish 
grey) at lower Na2S04 concentration. With increasing Na2S04 concentrations, 
a third constituent (NaAI02) which is flocculent in appearance is observed in 
the micrographs. The SEN picture indicates the presence of a 3-phase 
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granular structure in which dark grey AI2S3 and light grey NaAI02 are 
embedded in between AI2O3 light particles (Fig. 4.14). 
4.3.6 Estimation of soluble metal species 
The concentration of water soluble metal species in the reaction 
products of metal oxide and Na2S04 was determined as function of time and 
mole fraction of Na2S04 in the reaction mixture. Figure 4.15 shows plots of 
the concentration of soluble metals versus time at 1100 and 1200K. I^ainly 
two types of behaviour were noted. There is an increase in the solubility with 
time, reaching maximum solubility at 6 hours, followed by a decrease in the 
solubility with further increase in time. The systems showing this behaviour 
include NiO-Na2S04 (HOOK), Al203-Na2S04 (HOOK), Fe203-Na2S04 (HOOK) 
Cr203-Na2S04 (HOOK) and NiO-Na2S04 (1200K). The systems Al203-Na2S04 
(1200K) and Fe203-Na2S04 (1200K) show a minimum in the solubility curves. 
The system Cr203-Na2S04 (1200K) shows minimum concentration of metal 
ions in aqueous solutions and there is no significant change in solubility with 
increasing exposure period. The solubility of oxides is in following order: NiO 
> AI2O3 > Fe203 > Cr203. Figure 4.16 shows plots of the concentration of 
soluble metals versus mole fraction of Na2S04 in the reaction mixture at 1100 
and 1200K. The best these data can predict is the maximum solubility of 
metal oxides at a given mole fraction of Na2S04. All the metal oxides show 
maximum solubility at HOOK. NiO shows maximum solubility at lower 
concentration of Na2S04 (0.4 mole fraction of Na2S04), Fe203 and AI2O3 show 
at 0.5 mole fraction of Na2S04 and Cr203 shows at higher concentration of 
Na2SO4(0.66 mole fraction of Na2S04). 
4.4 Discussion 
The reaction of Na2S04 with metal oxides at high temperatures results 
in weight gains or weight losses. The total weight change at steady state was 
measured. Steady state is indicated when there is no further change in 
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weight with increasing exposure time. Considering the reaction l<inetic (1:1 
molar ratio) all the metal oxicIe-Na2S04 systems show a weight loss in the 
very initial stages of reaction (region I of the kinetic curves) followed 
invariably by a weight gain in all the systems. The initial weight loss for all 
the systems is presumably due to the thermal decomposition of salt to Na20, 
and subsequent expulsion of S02/S03(g). This is represented by the following 
reactions [7]. 
Na2S04(s) = Na20(s) + SO2 (g) + V2O2 (g) 4.1 
Na2S04(s) = Na20(s) + SO3 (g) 4.2 
If the thermodynamic conditions permit then the Na20 formed may 
dissolve metal oxide to give sodium metal oxide. This can be represented by 
following reactions: 
Na20 + 2NiO + 1/2 O2 -^ 2NaNi02 4.3 
2Na20 + Cr203 + 3/2 0 2 ^ 2Na2Cr04 4.4 
Na20 + Fe203 -^ 2NaFe02 4.5 
Na20 + AI2O3 -^ 2NaA102 4.6 
The sulfur oxide gases may also react with metal oxide to form metal 
sulfide and / or metal sulfate. This is represented by the following reactions: 
NiO + 
Cr203 + 
Fe203 + 
AI2O3 + 
NiO + 
Cr203 + 
Fe203 + 
AI2O3 + 
SO3 
3SO3 
3S03 
3S03 
4SO2 
9SO2 
9SO2 
9SO2 
-^ 
-> 
-^ 
-> 
-> 
- > • 
-> 
-^ 
NiS04 
Cr2 (S04)3 
Fe2 (504)3 
AI2 (504)3 
NiS+ 35O3 
2Cr5 + 75O3 
2FeS + 7SO3 
AI253 + 65O3+3/2O2 
4.7 
4.8 
4.9 
4.10 
4.11 
4.12 
4.13 
4.14 
The weight gain after initial weight loss in the kinetic curves for all the 
system (region I I of the kinetic curves) is due to the formation of sodium 
metal oxide and metal sulfide and/or metal sulfate and is represented by the 
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reactions 4.3-4.14. The evidence for the formation of above reaction products 
Is inferred from the following results: (i) Identification of reaction products by 
X-ray diffraction analysis, (ii) standard free energy calculations favourable for 
the proposed reactions (Table 4.4) and (iii) weight gain after initial weight 
loss in the kinetic curves for all the systems. The free energy minimization 
calculations show that reactions 4.7-4.10 are possible, the reactions 4.11-
4.14 can undergo under the experimental conditions of lower PQJ and lower 
basicity in all the systems under study. The metallographic and SEM studies 
carried out on the mounted reaction products also indicate the presence of 
multiphase structure. 
In some systems there is a sudden interruption in weight gain curves 
and a decrease in weight gain is observed (region III of kinetic curves) till net 
weight change is weight loss. The release of SO2/SO3 (g) and the vaporization 
of some reaction products undoubtedly seemed to be the prime cause of the 
decrease in weight gain values in the kinetic curves. 
Studying the total weight change as a function of mole fraction of 
Na2S04 in the reaction mixture, the systems Cr203-Na2S04, Fe203-Na2S04 and 
Al203-IMa2S04 indicate similar behaviour. There is an increase in weight gain 
(or decrease in weight loss) values with increasing concentration of Na2S04. 
This is followed by a decrease in weight gain (or increase in weight loss) 
values. An increase in the weight gain values with increasing Na2S04 
concentration is because of the formation of Na20.M20x and binding of S in 
the form of metal sulfate and / or metal sulfide. A decrease in the weight gain 
values with increasing Na2S04 concentration is because of release of SO2/SO3 
(g), precipitation of metal oxide from Na20.M20x and volatility of reaction 
products in certain cases. In case of NiO-Na2S04 system an opposite trend is 
operating. There is a decrease in the weight gain values with increasing 
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Na2S04 concentration till a minimum Is noticed at certain mole fraction of 
Na2S04, this Is followed by an increase in the weight gain values with 
Increasing Na2S04 concentration. A decrease In weight gain values with 
increasing Na2S04 concentration is due to the evaporation of sulfur oxide 
gases which overweighs the formation of metal sulfate and/or metal sulfide. 
When concentration Increases above 0.5 or 0.6 mole fraction of Na2S04 
formation of metal sulfate/metal sulfide tal<es place, which Is responsible for 
weight gain. 
A study of the pH of the aqueous solution of the metal oxlde-Na2S04 
reaction products Indicate that solutions are acidic for all the systems. An 
acidic aqueous solution Indicates the presence of metal ions as acid salts. 
Except for Al203-Na2S04 system which shows no appreciable change in acidic 
character of the solutions all other systems show a decrease in acidic 
character with increasing Na2S04 concentration. After a pronounced maxima 
at certain mole fraction of Na2S04, again there is an increase in acidic 
character with further Increase in Na2S04 concentration in the reaction 
mixture. A decrease In acidic character of the solution Is because of the 
formation of basic species such as nickelate, chromate and ferrite. A further 
increase in acidic character of the solution with increase in Na2S04 
concentration is because of the precipitation of respective metal oxides from 
basic species which again interact with the salt to form acidic salts. 
Lool<ing at the complex nature of the reactions, it is difficult to 
generalize the conductance studies as many complex species are liable to 
hydrolyse in the aqueous solutions. However, the breal<s in few curves at 
certain mole fraction of Na2S04 indicates the presence of soluble complex 
species. 
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The photomicrographs of the reaction products show the presence of 
multiphase structures. Each phase represents a constituent usually identified 
by XRD and predicted by proposed reactions. In general, an oxide phase or 
Na2S04 appear as whitish grey, sulfide or sulfate as dark grey, and sodium 
metal oxide as light grey. 
From the solubility data there is ample evidence of the formation of 
water soluble metal containing species in the reaction products. The metal 
species present in the solutions are in the form of MO2" , M04^" or MSO4. 
Considering the equimolar mixture of metal oxide and Na2S04, at 1100 K, the 
fluxing reaction continues upto 6 hours. After time period exceeding 6 hours 
fluxing reaction terminates, this may be attributed to the precipitation of 
oxide on further increasing the exposure period. It is perhaps difficult to 
quantify the effect of Na2S04 concentration on the solubility of different metal 
oxides, the best these data can provide is the trend in the solubility of metal 
oxides in presence of varying salt concentration. Equimolar mixtures of metal 
oxide and Na2S04 show largest solubility in case of NiO (1940 ppm, 1200K) 
and lowest in case of Cr203 (lOppm, 1200K); AI2O3 (llOOppm, 1200K) and 
Fe203 (300ppm, 1200K) occupying middle position. 
In the reaction between metal oxides and Na2S04 participation of both 
sulfur and oxygen takes place. Therefore, it is useful to employ Pourbaix 
phase stability diagrams (using log P02 vs log aNa20 (or PSO3) coordinates) to 
describe the behaviour of metal oxide-fused salt systems. The phase stability 
diagrams for the systems Na-Cr-S-0 [11], Na-Ni-S-0 [12], Na-Fe-S-0 [13], 
Na-AI-S-0 [14] were constructed by superimposing Na-S-0 diagrams on 
respective M-S-0 diagrams and are reproduced in figures 1.2.8, 1.2.10-1.2.12 
respectively. In the construction of such diagrams, ideal behaviour Is 
assumed, and the activity of fused salt is considered to be unity. The activity 
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of condensed phases are also considered to be unity in the regimes of 
thermodynamic stability. Referring to these diagrams in pure O2 atmosphere: 
Na2Cr04, NaNi02, NaFeOz and NaAIOz are the predominant compounds at 
higher Na2S04 concentrations; and Cr2(S04)3, NiS04, Fe2(S04)3 and Al2(S04)3 
are the predominant compounds at lower Na2S04 concentration. In the 
present investigation, the evidence of the formation of these compounds 
have been obtained by XRD. 
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Table 4.1 
Etchants used in metallographic studies 
Systems 
NiO-Na2S04 
Cr203-Na2S04 
FezOs-NajSOA 
Al203-Na2S04 
Etchants 
1 % dimethyl giyoxime in alcohol 
(ammonical solution) 
Aqueous lead acetate solution 
Aqueous potassium ferrocyanide 
solution 
Quinalizarin in pyridine and acetic 
acid 
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Table 4.3 
Different constituents identified in tlie reaction product by X-ray 
diffraction analysis 
System 
NiO-NazSO^ 
Cr203-Na2S04 
Fe203-Na2S04 
Al203-Na2S04 
Temperature 
(K) 
1100 
1200 
1100 
1200 
1100 
1200 
1100 
1200 
Constituents identified 
NiS, Na2S04, NaNiOz, NiO 
NiS, NiS2, Na2S04, NaNiOz 
Na2S04, CrzOs, CrS, Na2Cr04 
Na2S04, Cr203, CrS, Cr2S3 
Na2S04, Fe203/ NaFe02, Fe2(S04)3 
Na2S04, FezOs, NaFe02, Fe2(S04)3 
Na2S04,Al203, AI2S3, NaAIOz 
Na2S04,Al203, AI2S3/ NaA!02 
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Table 4.4 
standard free energy of the reaction, AG° at 1200K [15-16] 
Reaction 
Na20(s)+2NiO(s)+l/202(g) ^ ZNaNiOzCs) 
Na20(s) + CrjOaCs) -> 
NazOCs) + FezOaCs) -^ 
Na20(s) + AlzOaCs) ^ 
NiO(s) + SOaCg) ^ 
CrzOaCs) + SSOaCg) ^ 
FezOaCs) + 3S03(g) -> 
2NaCr02(s) 
2NaFe02(s) 
2NaAI02(s) 
NiS04(s) 
Cr2(S04)3(s) 
Fe2(S04)3(s) 
Kcal mol"^  
-10.394 
-18.187 
-44.591 
-45.359 
-189.343 
+53.535 
-170.773 
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NaNiOz 
Fig. 4.11 SEM pictures of the reaction product of NiO-NazSO^  system 
(molar ratio 1:1),oxidized at 
(a) 1100 K (b) 1200 K 
(1000 X) (800 X) 
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Fig. 4 .12 SEM pictures of the reaction product of Cr203-Na2S04 system 
(molar ratio l:l),Oxidized at 
(a) 1100 K (b) 1200 K 
(4000 X) (6500 X) 
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Fig. 4.13 SEM pictures of the reaction product of Fe203-Na2S04 system 
(molar ratio 1:1) Oxidized at 
(a) HOOK (b) 1200K 
(1000 X) (1000 X) 
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(molar ratio 1:1) Oxidized at 
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Studies on High Temperature Corrosion 
Reactions Involving Metal Oxides and 
Sodium Chloride 
5.1 Introduction 
Hot corrosion is a major and limiting problem in numerous Industrial 
applications involving combustion processes e.g. energy production, waste 
incineration, gas turbines and recovery boilers etc. NaCI is one of the 
important hot corrosion inducing constituents and a major component of salt 
deposits that accumulate on the aWoy surface in the field. The role of NaCl In 
the hot corrosion of gas turbines operating in a marine environment has been 
the subject of several investigations [1-5]. In a marine environment NaCI is 
ingested into a gas turbine as an aerosol of sea salt along with intake air. 
With normal engine operation and low to moderate salt levels, 
Chapter 5 
thermodynamic calculations predict that NaCI should not condense on first 
stage buckets; NaCI should be converted to Na2S04 by reaction with SO2 in 
the combustion gas [6,7]. However, because of short residence times of 
combustion gases, kinetic limitation of sulfation and evaporation reactions 
may allow some NaCI particles from the compressor deposits to survive long 
enough to reach first stage buckets [8,9]. NaCI has been found condensed on 
blades of turbine engines by the researchers at Rolls-Royce. 
At high temperature conventional alloys are Invariably attacked by 
NaCI. Earlier published work [1,10] has demonstrated that CrzOs-forming 
alloys are particularly susceptible to attack in the presence of NaCI forming a 
blistered and cracked surface on the alloy. The corrosion rate generally 
increases with temperature. By contrast, A^Os-forming alloys and aiuminlde 
coatings without Cr were reported to be much less affected by chloride. Our 
information on the role of oxides during NaCI induced hot corrosion of high 
temperature alloys is limited. It is generally believed that NaCI attacks the 
alloy and forms volatile chlorides and oxychlorides. In a recent study the 
NaCI-induced hot corrosion of a TiAI-base intermetallic has been reported 
[11]. The presence of NaCI deposits accelerated the oxidation of TiAl; NaCI 
reacted with oxygen. Ti and Al forming non-protective oxide scales. The 
porous scales formed at high temperature in presence of NaCI deposits may 
have resulted from the growth of oxides in the form of whiskers or volatile 
phases CI2, Na2Cl2 and NaCI (V), formed during the oxidation. Dean-hardt and 
Stern [12,13] measured the solubility products of Ni, Co and Y oxides in 
molten NaCI (1100 K) by coulometric titration of the respective chlorides 
(NiCl2, C0CI2 and YCI3) with electrochemically generated oxide ion, using a 
stabilized zirconia (SZ) electrode as an oxide pump. Activity coefficients for 
NiCb, C0CI2, YCI3 and sodium metal oxides in molten NaCI were computed, 
which agree well with values reported by Hamby and Scott [14,15]. The 
100 
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results of a study of the high temperature interactions of some transition and 
non-transition metal oxides and carbides in an atmosphere of pure oxygen 
have recently been published [16,17]. The formation of Na20.I^ 20x and metal 
chloride have been reported in the studies. 
The work presented in this chapter deals with the reaction of metal 
oxides with NaCI in flowing chlorine gas atmosphere at temperature relevant 
to hot corrosion attack. The main objective of the work is to investigate the 
nature of chemical reaction between metal oxide and NaCl on the basis of 
reaction kinetics and the morphology of the reaction products. 
5.2 Experimental 
5.2.1 Chemicals used 
NiO, AI2O3, Cr203 and Fe203 were all A.R. grade products. NaCl 
(reagent grade) and oxides (~ 80 mesh size) were dried in an oven at 200°C 
for about 48 hours. 
5.2.2 Preparation of specimens 
Dried and powdered NaCl and the oxide were mixed in different molar 
ratios of NaCl and oxide (1:2, 2:3, 1:1, 3:2, 2:1) and the mixtures were put in 
a die (diameter 1.4 cm) and pressed into compact tablets using a hydraulic 
press. (Pressure: 10'' Kg m "^). 
5.2.3 Oxidation studies 
The kinetics of the reaction between NaCl and metal oxide was studied 
by monitoring weight change as a function of time or mole fraction of NaCl at 
1100 and 1200 K in a constant stream of pure CI2 gas. The reaction was 
performed on a hot stage Sartorius electronic microbalance. A 20-hour 
reaction was adequate to provide reaction products at steady state which is 
indicated by no change in weight for a considerable period of exposure time. 
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To obtain a sufficient number of the samples of the reaction products for a 
particular system, 3 silica boats, each containing compacts of the same ratio 
were placed in a horizontal tubular furnace and were oxidized under almost 
identical conditions. After completion of the oxidation run, the first one was 
mounted for morphological studies (metallographic, SEM and XRD), the 
second for pH measurement and the third one was retained for quantitative 
estimation of soluble metal species. 
5.2.4 Metallographic studies 
The metallographic studies were performed on a computerized Leitz 
photometallurgical microscope (i^etallux 2). The compacts of reaction 
products were mounted in paper moulds using Araldite as a cold setting resin. 
The mounted tablets were abraded sequentially on 320 and 600 grit SiC 
papers followed by polishing with 6|j. diamond paste using kerosine oil as the 
lapping liquid. Appropriate etchants were used to identify the different phases 
in the microstructures. Table 4.1 lists the different etchants used in the 
metallographic studies. 
5.2.5 Scanning electron microscopic (SEM) studies 
Scanning electron microscopic studies were performed using Philips 
505 electron microscope. Polished specimens were coated with colloidal gold 
emulsion and their structures were examined through the microscope. The 
appropriate portions of the specimens were photographed at desired 
magnifications. 
5.2.6 X-ray diffraction analysis 
x-ray diffraction analysis was carried out on a Philips X-ray 
diffractometer (Model PW1730 X-Ray generator with PW 1710 microprocessor 
and KSR 43 printer) with Cu Ka target and appropriate filters. 
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5.2.7 Estimation of soluble metal species 
The soluble species in tiie reaction mixture of NaCI and metal oxides in 
different molar ratios were estimated by dissolving the weighed amount of 
reaction mixture of each ratio in 50 ml of doubly distilled water. The mixture 
was heated near to boiling followed by filtration through a Whatman filter 
paper. The filtrate was used to determine soluble metal ion concentration 
using a GBC 902 Atomic absorption spectrophotometer. Table 5.1 lists the 
weight of compact and reacting mixtures and concentration of the soluble 
metals in the reaction mixture. 
5.2.8 pH measurements 
An Elico CM 180 pH meter was used to determine the pH of the 
aqueous solution of the reaction products. The procedure is already described 
in Chapter 4. 
5.3 Results 
5.3.1 Thermogravimetric studies 
5.3.1.3 Reaction kinetics 
Figures 5.1 to 5.4 represent the weight loss (in percent) versus time 
curves obtained during the reaction of 1:1 mixture of metal oxide and NaCI at 
1100 and 1200 K. At 1100 K, with the exception of NiO-NaCI system where 
there is rapid and continuous weight loss upto a period of 8 hours, all the 
other systems show a weight loss upto 2-4 hours only followed by a very 
small or no change in weight. However, at 1200 K, all the systems show a 
rapid and continuous weight loss upto a period of 10-12 hours followed by 
negligible weight loss up to a time period extending 20 hours. At 1200 K, the 
final weight loss for all the systems is invariably more than that at 1100 K. 
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5.3.l.b Influence of salt 
Figure 5.5 shows plots of percent total weight loss versus mole fraction 
of NaCl in the reaction mixture. The total weight loss represents the final 
reading recorded after 20 hours of heating a mixture consisting of metal 
oxide and NaCI at 1100 and 1200 K. In general, no further loss in weight was 
observed after a time period exceeding 20 hours. Thus, the weight loss 
incurred during a reaction of 20 hours represents the total weight loss at 
steady state. The results of weight loss versus mole fraction of NaCl curves 
for different metal oxide-NaCI systems can be generalized as follows. 
At 1100 K, except for NiO-NaCI system which shows a linear trend in 
the weight loss curves, all other systems show a minima in the weight loss 
curves. However, at 1200 K, all the systems show a linear trend in the weight 
loss curves. 
5.3.2 Metallographic, SEM and XRD studies 
Figures 5.6 to 5.9 show some representative optical and scanning 
micrographs of the mounted reaction products. The different constituents as 
identified in the reaction product of 1:1 mixture of metal oxide and NaCl by X-
ray diffraction analysis are listed in table 5.2. The salient features of the 
results obtained from the above studies for different systems are generalized 
as follows. 
NiO-NaCI system 
The photomicrographs of the reaction products of NiO-NaCI system at 
1100 K indicate the presence of Ni-rich multiphase structure (Fig. 5.6), 
namely NiO, and/or NiCb (dark grey) and NaNiOz (light grey). Some free NaCl 
is also present in the micrographs containing higher concentration of NaCl 
(1:2 molar ratio of NiO and NaCl). The X-ray diffraction analysis identifies the 
constituents NiO, NaNiOz and NiCb in the reaction product. 
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AUOa-NaCI system 
The appearance of multiphase structure is evident in a typical 
photomicrograph of AbOs-NaCI reaction product (Fig. 5.7). The light grey 
phase represents mixed oxide NaAIOz along with AI2O3 (dark grey) and NaCI 
(whitish grey). The XRD analysis indicates the presence of AI2O3, NaAIOz and 
NaCI. 
CrzOs-NaCI system 
The photomicrographs of the equimolar reaction products at 1100 K 
(Fig. 5.8a) and 1200 K (Fig. 5.8b) indicate the presence of a whitish grey 
phase NaCI alongwith light grey flocculent product which could be a chromate 
together with Cr203. A very dark phase presumably CrCIs is also present in 
the photo-micrographs. The XRD results indicate the presence of Cr203, CrCb 
and NaCr02 in the 1:1 reaction product mixture of NaCI and Cr203 at 1100 
and 1200K. 
FezOa-NaCI system 
The photomicrographs of reaction products at 1100 and 1200 K show 
multiphase structure (Fig. 5.9), namely the unreacted Fe203 (dark grey) and 
reaction product NaFe02 (light grey). A very dark phase FeCb is also present 
in the photomicrographs. The XRD results also indicate the presence of above 
constituents. 
5.3.3 Variation in pH 
Figure 5.10 shows the plots of the pH of the aqueous solutions of the 
reaction products versus mole fraction of NaCI. A study of the plots indicate 
that the solutions are basic for the systems A^Os-NaCI and acidic for the 
systems Cr203-NaCI, NiO-NaCI and Fe203-NaCI. In case of Al203-NaCI system 
the basic character decreases with increasing NaCI concentration till a 
minimum is noticed followed by an increase in basicity. The systems Cr203-
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NaCI, Fe203-NaCI and NiO-NaCI show no appreciable change in pH value on 
varying IMaCi concentration. 
5.3.4 Estimation of soluble metal species 
The concentration of water soluble metal species in the reaction 
products of metal oxides and NaCI was determined as a function of NaCI in 
the reaction mixture. Figure 5.11 shows plots of the concentration of soluble 
metal versus mole fraction of NaCI in the reaction product mixture of metal 
oxides and NaCI at 1100 and 1200 K. Three types of behaviour are noticed, 
(i) An increase in the concentration of soluble metal, species with increasing 
amount of NaCI in the reaction mixture. Systems showing this behaviour 
include: CrzOs-NaCI (1100 and 1200 K) and FezOB-NaCI (1100 and 1200 K), 
(ii) A decrease in the concentration of soluble metal species with increasing 
amount of NaCI in the reaction mixture till a minimum is obtained and include 
NiO-NaCI (1100 and 1200 K) and (iii) The system AbOs-NaCI (1100 and 
1200K) shows a maximum at 0.5 mole fraction of NaCI in the solubility curve. 
5.4 Discussion 
The reaction of molten NaCI and metal oxide at 1100 and 1200 K 
results invariably in weight losses for all the systems under study. The total 
weight loss for different metal oxide-NaCI systems was measured at steady 
state condition, which is realized by a constant weight with increasing 
exposure time. Considering the reaction kinetic (1:1 ratio), at 1200 K, the 
weight loss increases linearly upto a period of 10-12 hours for all the metal 
oxide-NaCI systems followed by negligible weight loss upto a time period 
extending 20 hours. The weight loss incurred by metal oxide-NaCI systems is 
mainly due to the evaporation of NaCI. The other processes which account for 
the weight losses are (i) thermal decomposition of NaCI to NazO and 
subsequent expulsion of Cl2(g) and (ii) evaporation of volatile metal chlorldes-
in certain cases-formed during the reaction. The magnitude of weight loss 
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depends upon several factors e.g. the reaction temperature, thermodynamic 
feasibility of the reactions, kinetic of the reactions and nature of the oxide. At 
high temperature, NaCI in presence of oxygen, thermally decomposes to 
NazO and subsequently releases chlorine gas. The metal oxide reacts with 
NazO to form reaction product Na20.M20x. It can be represented by the 
following reactions. 
2NaCI + 1/2 O2 ^ Na20 + CI2 5.1 
Na20 + 2NiO + I/2O2 ^ 2NaNi02 5.2 
Na20 + AI2O3 -^ 2NaAI02 5.3 
Na20 + Cr203 -> 2NaCr02 5.4 
Na20 + Fe203 -> 2NaFe02 5.5 
The chlorine gas may also react with metal oxide to form metal chlorides. 
NiO + CI2 -> NiCi2 + 1/2 O2 5.6 
AI2O3 + 3CI2 ^ 2AICI3 + 3/2O2 5.7 
Cr203 + 3Cl2 -^ 2CrCl3+3/202 5.8 
Fe203 + 2CI2 ^ 2FeCl2 + 3/2 O2 5.9 
Fe203 + 3Cl2 -^ 2FeCl3 + 3/202 5.10 
The formation of sodium metal oxide (Na20.M20x) and metal chloride 
for different metal oxide-NaCI system is inferred from the following results: 
(i) identification of solid reaction products by X-ray diffraction analysis, 
(ii) photomicrographs of the reaction products showing phase structure 
typical of oxide/chloride/mixed oxide systems, (ill) standard free energy 
calculations of the proposed reactions (table 5.3) and (iv) pH studies. 
In the aqueous solutions of the reaction products many species are 
liable to hydrolyse and affect the pH of the solutions. The solutions of the 
reaction products Al203-NaCI are basic whereas the solutions of the systems 
Cr203-NaCI, NiO-NaCI and Fe203-NaCI are acidic. A basic aqueous solution for 
the system Al203-NaCI Indicates the massive formation of NaAI02 in the 
reaction product. There is little possibility of the presence of AICI3 In reaction 
product. The high vapour pressure of AICI3 support the above contention. An 
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acidic aqueous solution for the systems CrzOs-NaCI, NiO-NaCI and Fe203-NaCI 
indicate the presence of metal chlorides as predominant species which 
overweighs the effect of the presence of sodium metal oxides. The relatively 
low vapour pressure of metal chlorides formed during the reactions support 
the above explanation (table 5.4). 
A quantitative interpretation of the available solubility data provide 
ample evidence of the formation of water soluble metal containing species in 
the reaction products. The soluble metal species present in the solution are 
either in the form of metal chlorides and/or in the form of mixed oxides 
NazO.MzOx. In case of NaCI-CrzOs (1100 and 1200 K) and NaCi-FezOs (1100 
and 12G0K) systems fluxing reaction continue with increasing NaCI 
concentration. However, in case of NaCI-AbOs (1100 and 1200 K) fluxing 
reaction terminates at 0.5 mole fraction of NaCI in the reaction mixture; this 
may be attributed to the precipitation of oxide on enhancing the amount of 
NaCI. In case of NaCI-NIO system (1100 and 1200K) which shows a minimum 
In the solubility curve, maximum oxide fluxing is noticed at lower 
concentration of NaCI. 
At high temperature the reaction of metal oxide and NaCI can be 
generalized as follows. Initially, the surface of the reaction mixture is the 
region of high oxygen activity and formation of sodium metal oxide is 
therefore the predominant reaction. However, with the passage of chlorine 
gas the activity of chlorine increases at the surface of the reaction mixture 
and formation of chloride is favoured. The regions beneath the surface layers 
have relatively low oxygen activity or higher chlorine activity, thus favouring 
the formation of chloride(s). In regions where the formation of metal chloride 
is favoured, two cases are to be considered. 
(i) If the metal chloride is volatile, then it would exert sufficient pressure 
on the outer layer and will deposit or condense at the surface. The deposited 
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chloride at the surface may either volatilize off or oxidize, forming metal oxide 
and chlorine gas. The 02(g) and/or CbCg) from the surface may also 
penetrate into the underneath layers producing oxidation or chlorination 
reactions. This will provide a porous structure in which outer surface layer 
should contain sodium metal oxide and metal oxide in predominant 
concentration and the underneath layers should contain chloride(s). Any 
residual chloride may also form the part of multiphase structure. 
(li) If the metal chloride is nonvolatile then it will be mostly retained in the 
lower layers. 
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Table 5.2 
Different constituents identified in tlie reaction product by X-ray 
diffraction analysis 
System 
NiO-NaCI 
AbOa-NaCI 
CrzOs-NaCI 
Fe203-NaCI 
Temperature 
(K) 
1100 
1100 
1200 
1100 
1200 
1100 
1200 
Constituents identified 
NiO, NaNiOa, NiCU 
AI2O3, NaCI, NaAIOz 
AI2O3, NaAIOz 
CrzOs, NaCrOa, CrCIs 
CrzOs, NaCrOz, CrCIa 
FezOa, NaFe02, FeCU 
Fe203, NaFe02 
Table 5.3 
standard free energy of the reaction, AG° at 1200K [18-19] 
Reaction 
NiO(s)+Cl2(g) ^ 
AizOaCs) + 3Cl2(g) ^ 
CrzOaCs) + 3Cl2(g) ^. 
FezOaCs) + 2Cl2(g) -^ 
FezOaCs) + SCbCg) ^ 
NiClz(s) + I/2O2 (g) 
2AICl3(g) + 3 /2 02(g) 
2CrC[3(s) + 3 /2 OzCg) 
2FeCl2(l) + 3 /2 Oz(g) 
2FeCl3(g) + 3 /2 OzCg) 
Na20(s)+2NiO(s)+l/202(g) ^ 2NaNi02(s) 
NazOCs) + AlzOaCs) -> 
NazOCs) + CrjOaCs) -> 
NazOCs) + FezOaCs) -^ 
2NaAl02(s) 
2NaCr02(s) 
2NaFeOz(s) 
AG° 
Kcal mo!'^ 
-37.129 
-53.183 
-55.490 
-21.566 
-101.554 
-10.394 
-45.359 
-18.187 
-44.591 
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Table 5.4 
Thermodynamic data (K) for the chlorides [20-21] 
Chlorides 
NiClz 
AICI3 
CrClz 
CrCIa 
FeClz 
FeCIa 
NaCI 
Temperature at which 
vapour pressure is 
760mm (K) 
1260 S 
453.2 S 
— 
— 
1299 
592 
1738 
Melting point 
(K) 
1274 
465 
(under pressure) 
1088 
1220 s 
950 
576 
1073 
Boiling point 
CK) 
~ 
720 
(under pressure) 
1577 
~ 
1285 
592 
1656 
S = Sublimes 
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Fig. 5.1 
\h 20 
Plots of total percent weight loss versus time for NiO-NaCI 
system (molar ratio 1:1) at 1100 and 1200K. 
0 HOOK • 1200K 
Fig. 5.2 
Time (hrs.) 
1A 20 
Plots of total percent weight loss versus time for A^Os-NaCI 
system (molar ratio 1:1) at 1100 and 1200K. 
O HOOK • 1200K 
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Fig. 5.3 
K 20 
Plots of total percent weight loss versus time for Cr203-NaCI 
system (molar ratio 1:1) at 1100 and 1200K. 
O llOOK • 1200K 
Fig. 5.4 
Time (hrs.) 
I t 20 
Plots of total percent weight loss versus time for Fe203-NaCI 
system (molar ratio 1:1) at 1100 and 1200K. 
O llOOK • 1200K 
Chapter 5 
0-3 0-5 
Mole fraction NaCl 
0-7 
Fig. 5.5 Plots of total percent weight loss versus mole fraction of NaCI in 
tlie reaction mixture at 1100 and 1200K for 20h. 
(a) NiO-NaCI system (b) AbOs-NaCI system 
(c) Cr203-NaCl system (d) FezOs-NaCI system 
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a 
NaNiOz 
NiO + NiClz 
NaCI 
NaNiOj 
NiO + NiCh 
NaCI 
Fig. 5.6 SEM pictures of the reaction product of NiO-NaCI system, 
oxidized at HOOK for 20h. 
(a) Molar ratio 1:1 (b) Molar ratio 1:2 
(2500 X) (1550 X) 
